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FOREWORD 


This is the final report of a four-month extension of the Phase A Study of Alternate 
Space Shuttle Concepts (NAS 8-26362) by the Lockheed Missiles & Space Company 
(LMSC) for foe National Aeronautics and Space Administration. George C. Marshall 
Space Flight Center (MSEC). This study extension, which began on 1 July 1971, 
was to study two-and-one-half stage, stage-and-one-half, and SRM interim booster ^ 
systems for the purpose of establishing feasibility, performance, costs, and schedmes 

for these system concepts. 


The final report consists of three volumes (6 books) as follows i 

X — Executive Summaiy 
Volume n - Concept Analysis and Definition 
Part 1 - 040 A System 

2 - One-and- One- Half Stage System 
Part 3 - SRM Booster 
Part 4 - Avionics 
Volume in - Cost Analysis 
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Section 1 
SUMMARY 


rnTRODUCTION 


The objectives of the Alternate Avionics S^^stem Study were to evaluate Avionics System 
alternatives and conceive an overall vehicle/ground system tliat (1) significiintly reduces 
total program cost and peak annual funding and (2) reduces the technological risk. Three 
alternate systems were evaluated, and a baseline Avionics System which meets tlie study 
objectives was selected. The major portion of this study report is devoted to this re- 
commended baseline system; the alternates, wMch were evaluated but not selected, are 
summarized in the appendixes. 

The study scope included the avionics subsystems onboard the 040A Orbiter; the avionics 
subsystems onboard the recoverable pressure-fed LOX/propane ballistic booster; the 
electronics ground support equipment for direct support of flight avionics; and avionics- 
related ground suppoi't for maintenance, launch, and mission operations. A 40 to 50 
percent cost-growth allowance over the Mark I Orbiter avionics nonrecurring costs 
was used as a constraint in defining the Mark II Orbiter Avionics System. 

This study approach emphasized a requirement for a hmctional analysis to establish the 
basis for a minimum, safe, flyable system. Alternate systems were defined for tlie 
Mark I Orbiter after an initial estimate of major cost and risk factors. An extensive 
compUation of developed available equipment was prepared for use in mechanizing the 
alternate systems. Each alternate was defined in detail, and on the basis of tradeoffs 
of overall costs, risks, arid system capability, the baseline system was selected. Also, 
the projected Mark II Orbiter Avionics System, configuration was considered in the 
choice of tlie Mark I Avionics System baseline in order to siJTjplify the transition from 
Mark I to Mark II. 
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Development costs, technological risks, and schedule risks were minimized by 
extensive selection of equipment already developed and/or demonstrated. Equipment 
modifications were identified and costed as were qualification tests for those equip- 
ment not environmentally protected and not previously qualified for the operational 
environment. In a few cases, required equipment are presently being developed for 
other applications in the 1972-1976 time period. Some equipment, such as thrust vector 
control drive electronics or Attitude Control Propulsion System (ACPS) drive elec- 
tronics, must be designed and developed for the specific application but will use 
proven techniques and hardware elements. 

RECOMMENDED BASELINE SYSTEM 

The recommended Mark I Orbiter Avionics System baseline concept is illustrated in 
Figs. 1-1 and 1-2. All equipment required for safe return is dedicated and hardwired — 
mcluding displays and controls for crew information and control. The data manage- 
ment sul^systcm (DMS) plus the programmable displays ajid Integrated control panels 
are overlaid on the basic "safe system" to provide access to all subsystems and to 
permit crew access to all information available to the data management computer. 
Onboard checkout, fault-isolation, inflight performance monitoring, and redundancy 
management are but some of the onboard capabilities provided by the DMS which 
reduce dependence upon ground support. Manual override of the DMS and program- 
mable displays is available to the crew in addition to hardwired dedicated equipment 
controls which may operate independently of the DMS subsystem. The data manage- 
ment computer, interfaces, programmable displays, and integrated control panels are 
S-3A aircraft program-developed equipment tliat are presently being demonstrated as 
an integrated system. 

This baseline Avionics System configuration providevS flexibility for growth to an 
expanded Mark II capability without a major change of system configuration. The 
functions assigned to the DMS computer may be increased to include sul^system 
operational computations with, either backup or primary responsibility as desired. 

Onb 0 ard m 1 s s iO]i pi arming , targe ting , and onb oa rd mis sion ope r at ions s uppo r t wi 1 1 
mcrease vehicle autonomy and reduce operations cost, thereby reducing total program 
cost. 
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Fig. X“1 Mark I Orbiter Avionics System Concept 
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Some of the key characteristics of the baseline A\i.onics System are presented in 
Fig. 1-3. The Guidance, Navigation, and Control (GN&C) subsystem provides auto- 
matic arid manual operating modes witli manual override of automatic functions. The 
dedicated guidance/navigation computer is digital and is identical to one-half of the 
dual computer (S-3A Univac 1832) used in the DMS. Spacecraft orientation and trans- 
lation control is affected via this computer. The flight control system employs L-1011 
aircraft-type dedicated analog computers for primary flight control and for autopilot/ 
autoland capability. Stability augmentation is provided, and fly-by-wire was selected 
in preference to mechanical control cables. 


The Controls and Displays (C&D) subsystem is configured to reduce crew vvoi'kload 
through display programming by providing data specific to mission phase only, 
eliminating random caution and warning (C&W) annunciators, and having less random 
instiniment scan. Task allocations for horizontal flight test indicate the need for a 
third crewman to monitor subsystems, aid in checkout, and provide expanded engineer- 
ing flight data to the pilot and copilot, por vertical test flights and orbital operations, 
a two-man crew can perform all defined manual tasks using the integrated control and 
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display configuration* As in horizontal flight test, tlie vehicle is fly able from either 
seat and critical controls and displays are duplicated at pilot/copilot main instrument 
panelso Baclaip minimum flight-instruction displays are not CRT dependent. 

Electrical power generation, not strictly part of ’’avionics'- but considered within the 
scope of this study, presents the only area in which a new development is required. 

The electrical power subsystem (EPS) configuration for the orbital mission includes 
(1) three fuel cells, rated at 8 kW continuous power, which provide FO/FS 28 

Vdc power for distribution to users; and (2) a centralized static 3-phase inverter 
system, ^vhich provides 115 Vac power. Three 200/115 Vac generators, driven by 
chemical-dynamic auxiliary power units (APUs), provide peal< power for ascent phase 
and atmospheric flight operation of the propulsion systems. These generators also 
power transformer-rectifier (T-R) units for horizontal development flight tests. 
Installation of the fuel cells and their cryogenic storage system is phased for the fi.rst 
orbital development flight test. The fuel cell is a new low-cost development providing 
a 2000-hr lifetime for Mark I that is increased to 5000 hr for Mark II. The cryogenic 
tanlcage for AAP is used witli development completion for Mark I and minimum change 
for Mark H. Power is distributed over a two bus system. It is hardwired to the crew- 
stations for manual control and override of automatic control of the EPS- Automatic 
control is provided by sensors, circuit breakers, equipment controllers, and tlie DMS 
w^hich interfaces with tlie EPS tlirough subsystem interface units (SIUs). 

The Data Management Subsystem performs the major functions of checkout, fault isola- 
tion, and redundancy management as follows. During prelaunch activities, orb iter 
awonics is automatically checked out and fault isolated to the major replaceable unit 
by the data management computer. Orbiter nonavionics and all booster systems are 
checked out and fault isolated '% automatic GSE and manual inspection. Redundancy 
management is manually initiated, except for time-critical items and unit internal 
redundancy, which are automatic. Orbiter in-flight checkout and fault isolation for 
safety of Right items is by dedicated built-in test witli caution and wmming annunciators 
and operational displays. Orbiter avionics checkout and feuit isolation is automatic; 
nonavionic checkout and fault isolation is accomplished by a combination of opera-tional 
displays v/i.th semiautomatic crew instructions. The checkout fault isolation an.d 
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redundancy management fimctzons of the DMS and vehicle systems are periodically 
validated via MCC until programmatic confidence is established to support complete 
autonomy. Redundancy management is the same as during prelaunch. For accomplish- 
ing between flight maintenance on vehicle systems, use is made of checkout, fault 
isolation, and redimdancy management prelaunch capability, supplemented by discrete 
GSE units for periodic test and calibration plus special software routines in the data 
management computer. 

The recommended Mark I Orbiter Avionics System Baseline equipment block diagram 
(See figure at end of this section) illustrates the major functional flow among subsystems 
and equipment and identifies the program source for each equipment. The extensive 
use of developed equipment from aircraft and spacecraft programs reduces technological 
risk and reduces program costs. 

Software requirements were determined from development test, for orbiter vehicle 
functions, atid for direct support functions. The development test software includes 
programs for integrated test, equipment simulation, and test data reduction plus utility 
programs, and requires 270K words. The orbiter vehicle software includes 34K woi'ds 
for guidance navigation and control plus 232K words for data management. The Latter 
consists of 127K words for system test programs (OBCOFI) and 105K words for oper- 
ational programs including common control and services (33K), system management 
aids (27K), and subsystem operations support (45K). Direct support software includes 
launch checkout, preflight data insertion, MCC system library, simulation, system 
generation, and data reduction for a total of 254K words. The baseline system soft- 
ware requirement is thus 790K words. 

Since the baseline equipment cbMigu ration employs the S-3A computer and data manage- 
ment techniques, the software also would be based on S-3A developed software and would 
use or would modify, to die extent appropriate, tiie already existing S-3A progra,ms. 

Of course, additional solTware development will be required. 
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alternate avionics systems 

Alternate avionics systems configured and evaluated but not selected are illustrated in 
Figs. 1-4 and 1-5. System Alternate A provides separate aircraft and spacecraft 
subsystems which are dedicated and hardwired. Controls and display s foi aii craft and 
spacecraft functions are provided at completely separate stations. The lack of onboard 
checkout and fault isolation capability means diat extensive mission operations support 
from ground facilities is required. System Alternate B combines aircraft and space- 
craft dedicated and hardwired subsystems into one set, eliminating ov-er lapping func- 
tional equipment. Manual controls and displays are combined at pilot and copilot 
stations. An onboard checkout and fault isolation S 3 ^stem, incorporating a data oiis 
for equipment test access, provides status, caution, and waining information to tlie 
crew. Dependence on mission operations support fi*om the ground is reduced. System 
Alternates A and B, when compared with the recommended baseline, are lov/er in 
cost for onboard avionics, higher in total cost (flight avionics plus ground support), 
have considerably less capability, and do not have the Rexibility for easy growtli to 
Mark II capability. 

MARK n AVIONICS 

The baseline Mark I Orbiter Avionics System configuration can be applied directly to the 
Mark II Orbiter requirements, thereby minimizing changes and associated costs, and 
providing flexibility of choice to the program insofar as tire time of affecting a partial 
or complete transition. Increased onboard capability, improved performance, and ' 
improved equipment characterize the Mark II. I^rojected avionics changes to achieve 
the Mark XI system are listed in IPable 1-1. Reduced turnaroimd time of two weeks 
requires more extensive onboard checkout and fault isolation capability. The addition 
of area navigation with, a real-time programmable CRT display will permit observation 
of orbiter position relative to a computed track and will reduce crew workload for 
repetitive types of navigational tasks. The horizon sensor and orbital altimeter may 
be deleted if tiie Precision Rmiging System (onboard Mark. I for rendezvous) is applied 
to orbital navigation. 
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Table l-l 


mark II AVIONICS CHANGES 


Chjinges 


Subsystems 

Guidance, Navigation, 
and Control (GN&C) 


Control and Display 


Communications Tracking 


Instrunientation 


Electrical Power 


Data Management, Checkout, 
Fault Isolation & Redundancy 
Management (OFICM) 

Software 


Improve peiTormance and quality of 
equipment; accuracy improvements 
reduce ACPS, AV propellant use imd 
reduces reentx'y dispersions. 

Add area navigation/autoljind CRT 
display. 

Improve performance and quality of 
equipment. 

Improve performance and quality of 
equipment. 

Provide 5000 hour life fuel cell. 
Improve performance and quality of 
equipment. 

Increase onboard COFIRM for nearly 
complete autonomy for both avionics 
and non- avionics. 

Performance of functional operations 
through software instead of hardware 
could significmitly increase mission 
flexibility and decrease change 
reaction time. 

Greater reliance on software in flight 
controls and COFIRM will require 
advanced management techniques. 


Orbiter 

Mark I Equipment Deletions 

Tracking Satellite 

On-Board Navigation, Data 
Management and CO'FIRM 
Improvements 


Safety /Reliability 



Horizon sensor and orbit altimeter. 

Used to augment navigation. 

Minimize dependence on ground 
control and remote stations. 


Improved quality of equipment will 
increase probability of mission 
success and enhance safety. 

More autonomous fault isolation and 
redundancy mangement will reduce 
crew workload and decrease correc- 
tive action time. 
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POlher changes to the Mark II avionics subsystems are primarily for improvement of 
performance and quality and the ability to withstand tiie space environments o These 
improvements will reduce propellmit loading requirements by providing greater 
navigational accuracies and will reduce operational costs since fewer failures requiring 
removal and replacement of equipment are expected» 

BOOSTER AVIONICS 

The interim recoverable pressure-fed ballistic LOX/propane booster avionics require- 
ments were estimated on the basis of previous experience, since only sketchy informa- 
^tion was available to describe tlie booster or its subsystems « Those functions that 
could be performed by the orbiter without overly complicating tlie interface witli tlie 
booster were not mechanized in tlie booster to avoid duplication of equipment and 
development costs. Thus, the guidance and control computations for composite vehicle 
ascent are performed in the orbiter. An equipment block diagram for the booster avionics 
is presented in Fig. 1-6. For this booster, which is unmanned and is not guided or 
actively controlled after staging, orbi ter/booster avionics commonality is virtually 
nonexistent. 

COST 

The baseline Mark I Orbiter Avionics System total cost for a phased program was 
determined to be $323. 3 million with a maximum pealc annual cost of $78 million. The 
estimated total cost for Mark II is $202.6 million, for a total program cost of 
$525. 9 million. 
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CONCLUSIONS 

The recommended baseline Avionics System sig^aificantly reduces total program cost 
and peali annual fundings and reduces technological risk. These principal study 
objectives were achieved by extensive application of developed, proven equipmeni 
from aircraft and spacecraft programs. Additional study is recommended to define 
in more detail all subsystems of tlie baseline system. In paidicular, the application 
of S-'SA Avionics System techniques, equipment, and software plus modifications and 
redesign of otJior equipment for compatibility wiiii the S-3A checkout, fault isolation, 
and inflight performance monitoring should be investigated. Interfaces among sub- 
systems and equipment should be more precisely defined. Safety/reliabiltty studies 
should be performed to verify adequacy of selected redundancy levels. A thorough 
packaging and installation study must be performed to determine impact on the crew 
station, on the environmental control system, and on access for maintenance. The 
preparation of an avionics system management plan for design, development, test, 
and integration is of primary importance. 
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Section 2 

SYSTEM CHARACTERISTICS 
2.1 REQUIREMENTS AND GROUNDRULES 


The requirements and groundrules for design of the Model LS 200-11 stage -and -one - 
lialf system are nearly identical to those for the system using the Mark II 040A 
Orbiter, except for configuration-peculiar requirements. The only exceptions to 
applicable requirements reported in Part 1, Subsection 2, 1 (for the Mark II 040A) are: 

a. OMS propellants are to be H^/O^ rather than storabies, 

b. OMS tankage is not to be limited to 1000 ft/sec capability if the del ta -body 
volume and tankage arrangement allows more. 

c. The crossrangc of 1100 nm Is to apply v.dth 40,000 lb payload and no ABES 
aboard, (TPS is not to be increased to handle higher wing loading with 
ABES on the resupply mission; rather, a less-severe trajectory with re- 
duced crossrange is to be used, ) 

d. Avionics development is to follow the same sequence as is appropriate for 
the Mark I - Mark II progression, rather than meeting Mark II capability 
initially. Retrofit of Mark II t^^pe equipment in the operational vehicles is 
to be implemented as it becomes available. 


The reason for use of the system for the OMS is that this approach is most 

cost-effective for stage -and -one -half. No major development is required, since the 
RL-10 engine is used, and the relatively high on-orbit weight of a stage -and -one -half 
orbiter would cause a significant penalty with use of less efficient propellants. Also, 
the delta-body configuration aRpws for sufficient volume to store the less dense H^/O^ 
propellants. 


2.2 SYSTEM CONFIGURATION 


Figure 2-1 depicts the launch configuration of the Model LS 200-11 vehicle. The system 
h a s h e en des i g ned by mo dif i catio n o f Mo de 1 LS 2 0 0 - 1 0 r epor te d in de ta il i n LMS C - A 989142 
The driving purpose for modification has been cost reduction, and the net result of a 


2-1 



LMSC~A9;>;Vj,i 

voi n , PI 2 



Fig. 2-1 Launch Configuration of LS 200-11 Vehicle 


% / 

number of changes has been weight increases as summai'ized in Subsection 1.2, 
(See Table 1-1.) 


The cecreasc in costs is the net result of many fairly small reductions, no one of 
which dominates. Of the ten changes which contribute most to cost reduction, five 
incre.ase system weight, four decrease it, and the tenth causes no change in weight. 
The tallowing five changes result in system weight increases: 

Al. Low-cost external tank design employing weld-bonding where feasible, 
rather than fusion -welding, using a single bulkhead between the Og and 
Hg tanks, and replacing the titanium thrust cone with a maraging steel 
design, 

A2. Using an all -aluminum primary structure in the orbiter rather than 
titanium in some iireas. 

A3. Eliminating titanium panels in the thermal protection system by using 
insulation bonded to the pi;imar.y structure throughout , 

A4. Using storable propellants for the attitude control propulsion system and 
the aiualiary power unit rather than Ikp/O^ systems. 

A5. Using ac ionics system designs employing available equipment. 
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2.1 INTRODUCTION 

2. 1. 1 Objectives and Scope 


The objectives of this study wex’e to evaluate avionics system alternatives and to 
conceive an overall vehicle /ground system that significantly reduces total px'Ogram 
cost, peak annual funding, and technological risko 


The study scope was established by the primary study guidelines and tlie contractor 
tasks as defined by tlie statement of work for Modification No, 10, Contract NAS8-26362, 
The scope was modified and clarihed by tlie NASA direction given to LMSC at the 
midterm review on 7 October 1971. The resultant study scope is delineated below: 


o The orblter vehicle is tiie 040A, and both Mark I and Mark II orfoiters are 
to be considered, Orbiter nonavionics subsystems which interface with the 
avionics system are therefore as identified for the 040A. 

o The booster is the interim recoverable pressure-fed ballistic LOX/propane 
booster. The extent to which avionics could be defined for this vehicle was 
limited by the amount of vehicle and subsystem information available during 
the time span of this study, 

o The avionics system for the orbiter and booster includes the following where 
required: (1) data processing; (2) displays and manual controls; (3) develop- 
ment, test, and onboard software for the avionics system; (4) guidance, 
navigation, and Right controls including actuators; (5) electronics ground 
support equipment; (G) operational and development flight instrumentation; 

(7) electrical power distribution, conditioning, and control; (8) signal and 
electrical power wiring and shielding; (9) comnumications :md navigational 
aids; and (10) power generation. 

o The supporting ground system includes avionics- related checkout/launch 

operations support, mission operations support, and maintenance/refurbish- 
ment support. Specifically excluded are facilities, facillh^ equipment, and 
facility personnel other than those required for the above support, 

o Potential orbiter/space station interfaces are outside the scope of this study. 


As defined by NASA, toe orbiter/payload interface is to consider a very 
minimal payload health status information display capability in the orbiter, 
minimum orbiter avionics for deployment and retrieval of payload, and 
electrical power from orbiter for payload as follows: 3 kAV average, G kW peg 
nominally, but 500 watts average and 800 watts peak during orbiter peak loads 


2.1-3 



LM.SC*-A99f5931 

voi ri, Pt 4 


o The mission model and program schedule are as defined in NASA lechnical 
Directive 3004. The phased program expendable booster schedule is con- 
sidered to apply to the interim recoverable pressure-fed ballistic booster. 

o Rendezvous and manual docJdng are considered to satisfy the mission on-oibit 
functional requirement for Mark L 

o In defining the Mark IT. avionics system^ a 40 to 50 percent cost growth over 
the Mark I avionics costs was allowable. (It was assumed that noiuecurimg 
cost was tlie basis for comparison.) 

2.1.2 Approach 

The basic, study approach is depicted in the simplified flow diagram of tig. 2. 1-1. 

The system functional requirements were identified for a representative Mark I mission 
(100 nm polar) which included rendezvous and manmil docking. The mission was 
divided into phases, and tiiie functional requirements for each on-board subsystem 
w^ere identified for each mission phase. In addition, the functions wdthin each mission 
phase were categorized as to their criticality for crew safety and for mission success. 
Subsequently, types of equipment required to perform the various individual functions 
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Fig. 2.1-1 A1 te mate A vioni cs Sy s te ms Study Flow 
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were identified, and those required to effect safe return of the crew were designated 
versus functions and mission phases. This anal 5 'sis provided the basis for a minimum- 
reduiidancy fail-safe configuration of on-board equipment. The same teclinique was 
used for horizontal flight functions, mission phases, and equipments. 

In order to select meaningful alternate system configuration candidates (in addition 
to the "separate aircraft/separate spacecraft functions" configuration described in the 
statement of work) which would focus attentioxi on major differences of on-board 
functional capability versus required ground support, on major risk factors and on 
major cost factors, the individual subsystem fimctions were examined to determine 
which, in fact, might be performed off the vehicle. The result was that only functions 
associated with checkout and fault isolation, data management, and position updating 
were in this category. It also was recognized tliat on-board displays and manual 
controls plus crew station arrangements have significant impact on overali system 
effectiveness. Three alternate systems were considered adequate to span the study 
problem and to highlight major choices available to the system designer. The tradeoff 
of on-board capability versus the extent of ground support was estimated to encompass 
the major risk and cost factors. 

The first system, Alternate A, consisted of separate sets of aircraft and spacecraft 
subsystems which are functionally dedicated and are hardwired. Separate aircraft and 
spacecraft crew stations are provided. The vehicle system is heavily dependent on 
mission support from the ground, since no on-board checkout and fault isolation system 
is provided, and no data management system processes data to assist the crew in 
decision making or in performing routine functions. 

The second system, Alteraate B, contains one set of functionally dedicated and hard- 
wired subsystems. Displays ahd manual controls for aircraft and spacecraft are com- 
bined at crew stations, and aircraft and spacecraft displays may be i: .crmingled on 
any one panel. A passive monitoring on-board checkout and fault iso'-.; ion system 
employing a data bus for test access to hardwired subsystems provides status, caution, 
and warning indications tc the crew. Safety-of- flight items are still hardwired to panel, 
annunciators. Dependence on ground support for launch is toe same as for Alternate. A, 
but dependence on mission support from the ground is reduced. 
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The third system, Alternate C, retains the feature of functionally dedicated and 
hardwired subsystem equipments required for safety of flight but significantly increases 
on-”board system capability by adding a data management computer with communication 
links to each subsystem or major equipment and to programmable displays and integrated 
control panels which are also added in this configurationo The crew has access to 
information available to the data management computer and thus can more effectively 
make on-board decisions and be relieved of performing routine tasks. The crew can 
override the data management system, reverting to the dedica.ted hardwired subsystems 
(and displays) for safety-of- flight functions. Improved on-'-board checkout and fault 
isolation reduces the dependence on mission support from ground stations. This con-- 
figuration provides flexibility for growtli to eventual Mark I capability. The points in 
time at which increased capabilities (such as mission planning) are incorporated on- 
board are options available to the Shuttle Program, 

In order to configure tlye alternate systems by utilizing developed, proven equipments, 
a significant effort was made to compile information on applicable equipment from 
botli aircraft and spacecrah programs. Programs researched included S~3A, L-lOll, 
C-5A, C-141, Jetstar, NASA/STOL, Agena, Apollo, AAP, and Gemini. The minimum 
redundancy level for fail-safe, identified in tlie requirements analysis, was increased 
on the basis of equipment reliability data, if available; if not available for specific 
equipment, a judgment was made on the basis of similarity to Icnown equipment or on 
the basis of comparable complexity. This is recognized as an area requiring better 
definition based on more complete data and extensive reliability analyses. For each 
alternate system., equipment effectivity was identified for first horizontal flight, first . 
vertical flight manned (and immanned), and for Mai^k IL Excluding displays and controls, 
on-board checkout, and data management, the equipment for the three alternate systems 
was not significantly different. 

Costs were compiled for die three alternate systems and mi estimate of reduced ground 
support costs for Alternate B and Alternate C (versus Alternate A) was developed. The 
Mark I baseline system was then selected on the basis of cost, capability, and flexibility 
for growth to the Mark U configuration. Part C of this document is a brief Cost Summary 
for tile Baseline System. A more complete costing analysis is given in Volume JII, Cost 
Analysis. 
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The delta impact of performing the first vertical flight immamied was determined on 
the basis that, manned or rmmanned, the first vertical flight vehicle would have the 
same complement of Mark I avionics on board. The additional requirements unique to 
the immanned vehicle were identified and additional hai’dware, soflv/are, horizontal 
flight tests, and support in the form of simulation, chase plane modification, and 
training of ground controllers were estimated. Cost and programmatic impacts weie 
then identified. 

The Mark II Orbiter avionics system projection was confined widiin a nonrecurring 
cost growth allowance of 40 to 50 percent over the Mark I nonrecurring costs. Witlim 
each subsystem area, desired improvements in performance and quality of equipment 
were identified and cost estimates were prepared. Similarly, increased software 
requirements corresponding primarily to an expanded role for the data management 
system were estimated. A determination was tlien made tiiat tlie desired additions 
and improvements were within the allowable cost growth allowance. No general 
allocation of funds was made for redesign of equipment to reduce weight and size or 
for redesign to space environments. 

The interim recoverable pressure-fed ballistic LOX/propane booster avionics require- 
ments were estimated on the basis of previous experience, since only sketchy informa- 
tion was available to describe the booster or its subsystems. Those functions which 
could be performed by the orbiter without overly complicating the orbiter interface 
booster were not mechanized in the booster so that duplication of equipment and 
development costs could be avoided. 
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2.2 MARK I AVIONICS SYSTEM BASELINE 

The overall vehicle/ground system addressed in this study consists of orbiter avionics, 
booster avionics, and avionics -related ground suppoi't for maintenance, for launch, 
and for mission operations. The avionics system for the interim recoverable pressure - 
fed ballistic LOX/propane booster is not a significant factor in determining the Mark I 
orbiter avionics configuration, since orbiter /booster avionics commonality is minimal. 
The booster avionics system is therefore treated separately (in Par. 2. 6) of this 
document. 

The baseline system description in the following text includes orbiter subsystems, 
electronics ground support equipment , and software for development, test, and 
onboard functions. Ground support for maintenance, launch, and mission operations 
is treated within the above framework. 


The baseline system concept is illustrated in Figs. 2.2-1 and 2.2-2. Safety -of -flight 
and mission essential functions are performed by dedicated, hardwired subsystems, 
including displays and controls for crew participation and control. 


A tremendous increase in onboard capability and a consequent reduction in dependence 
on ground support is provided by incorporating a data management subsystem (DMS) 
plus programmable displays and integrated control panels. The DMS accesses all 
subsystems, provides the crew with information to assist decision-making, and 
assists the crew by performing many routine functions. Manual override of the DMS 
and programmable displays reverts the system to hardwired, dedicated equipment. 
This configuration permits an evolutionary growth of onboard capability within the 
Mark I time frame and the flexibility for growth to Mark II capability without a major 
change of S3’stem configuration. Fignire 2.3-3 illustrates the planned growth in 
functional capability of the baseline Data Management subsystem. 
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Fig. 2.2-1 Mark I Orbiter Avionics System Concept 
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Fi<’‘. 2.2-2 Miirk I Orbiter Avionics Baseline Recommendation. 


2 . 2-2 









LMSC-A995931 
voi n, Pt 4 


FUNCTIONS 

MARK 1 

MARK 11 

HFT 

VFT 

OP'L 

aN BOARD COffl AND DATA EXTRACTION 

0 

0 

0 

0 

INSTRUMENTATION AND ELECTRICAL POWER 
CONTROL 

0 

0 

0 

0 

abort AIDS 

' ■ ' 1 

0 

0 

0 

0 

GN&C COMPUTATIONS 


0 

HU 

0 

ONBOARD CO/Fi/RM 


0 

s 

0 

SYSTEM ^WNAGEMENT AIDS 


0 

0 

0 

AVIONICS CONFiGURATiON CanROL 



0 

0 

CONSUMABLES MANAGEMENT 



0 

0 

RENDEZVOUS COMPUTATION 



0 

0 

PAYLOAD MANAGEMENT 




0 

A/C AND S/C FLIGHT CONTROL 




0 

NONAVIONICS CONFIGURATiaN CONTROL 



— 

0 

MISSION PLANNING 




0 


DO«314 

Fig. 2,2-3 Data Management Functions Effectivity 


2, 2.1 Mark I Orbiter Avionics Subsystems 

The ftmctional requirements analysis (Appendix A) was basic to the definition 
of equipment types for each subsystem and the minimum load of redundancy 
was required for crew safety. An extensive search for aircraft and spacecraft 
programs was made to compile information on developed, available equipment 
of the types identified in the functional analysis. Appendix D summarizes the 
baseline sj’^stem equipment and some of its pertinent characteristics. Figure 
2. 2-4 highlights some of the key characteristics of the Mark I Orbiter 
avionics subsystems. 
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Fig. 2.2-4 Baseline Mark I Avionics Key Characteristics 


2. 2.1.1 Mark I Orbiter Guidance, Navigation, and Control (GN&C). The Mark I 
orbiter GN&C consists of a spacecraft section for operation during phases from 
launch- through-reentry and atmospheric flight to Mach 2 and in an aircraft section 
for orbiter operations at velocities below Mach 2. In selecting the baseline 
configuration, two previously established key program objectives were major 
drivers - minimization of; (1) technology risk, and (2) program. cost and peak 
funding. These Mark I requirements can be best implemented by selecting 
equipment and software that are now in production or that will be amply 
flight-proven by mid 1973, i. e. , in time for use on the orbiter vehicle. Figure 2.2-5 
summarizes methods for meeting these cost and risk objectives. 
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Fig. 2.2-5 Meeting GN&C Objectives 

Exceptions to GN&C technical requirements* evolved where conflicts appeared with 
cost and technical risk requirements and where NASA specifically requested technical 
deviation. Specific deviations affecting the configuration are:** 

o Mark II System and Orb iter. No specific redundancy requirement. 

Contractor to determine and recommend desired level. 

® Mark I System and Orbit er. I^olar orbit pa3doad (25K lb desired; lOK min). 
Turnaround time relaxed to one month. 

o Booster. Reusable LQX/RP F-1 booster. (This requirement subsequently 
deleted at mid-term review and changed to ballistic interim water 
recoverable booster,)*** 


* Ref NASA MSG- 04075, Rev. B, "Functional and Performance Requirements 
Specification, Space Shuttle Avionics, Orbit er", dated 10 May 1971 

** Ref. Technical Directive No. 3003 

*** Mid- term Review, 7 October 1971, Rye Canyon, Calif. 
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Lhe automatic dockmg requircwonts were deleted at mid-term review , 
and LMSC was notified that the reference to Hpace stations no longer applied. Key 
technical requirements for configuration denoHion and methods of implementation 
are sho^^^l in Fig. 2.2-6. 

Under the minimum cost and technology risk ground rule, the first horizontal test 
flight vehicle (FTV-1)*=^** will use only aircraft type GN&C equipment. Space flight 
type GN&C equipment initially will be installed in the first vertical flight test 
vehicle (FTV-2); the full set of equipment v/jll bo installed in the first operational 
(Mark I) vehicle. 


Figure 2. 2-7 is an overview of the program schedule for the Mark I and Mark If 
vehicles.. Additional details of required specUio equipment and levels of redundancy 
for test and operational vehicles are discussed in the following sections. 


**** Scheduled flight July 1976 
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^ - ^ - ^ - ^ Aircraft Flight Controls. The baseline Mark I orbit er flight control 

system consists of dedicated analog sensors, computers, servo-actuators, command 
dii^piays, and includes provisions for interfacing with the data management computer. . 
This computer is programmed to assess system status, provide BITE stimuli, and 
collect and process data for the integrated cockpit CRT displays. Flight control 
equipmeiU is hardwired, redundant, and operationally independent of the data 
management computer. The flight control system functions encompass provisions 
for: manual aero- surface control using side arm controllers and rudder pedals; 
automatic stability augmentation; automatic surface trim throughout reentry (to 
aid the ACPS); manual control of speed brakes and airbreathing engine throttles; 
and autopilot operations for all atmospheric operations from Mach 2 through 
automatic landing. 

Primary Flight Control System (PFCS). Manual aero- surface control and 
stability augmentation features have been integrated into a common hardware 
computer grouping. This baseline subsystem is depicted schematically in 
Fig. 2.2-8. The Primary Flight Control System (PFCS) utilizes pitch, roll, 
and yaw rates; lateral and normal accelerations; side-arm controller positions; 
and rudder pedal position signals obtained from sensors located in an environmentally- 
protected avionics rack area and pilot and copilot manual input controllers. These 
signals are used to control dual tandem servoactuators serving as inputs to the 
surface power unit manual control valve manifold. The servoactuator inputs 
are mechanically added in series with automatic trim actuator inputs to 
contiol the suiface actuators. The sei'vo loop is closed by a mechanical 
feedback arm to the manual control valve. 


The PFCS is engaged in each of the three axes for operation by depressing a 
control panel switch; this panel also provides logic and switching to engage the 
emergency controls in the event of catastrophic multiple PFCS failures. 
Disengagement of the PFCS is accomplished by eidier manual or automatic 
means, and indicated on the cockpit annunicator display panel. 
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Fig. 2.2-7 GN&C Mark l/Mai'k II Phase-In 
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System mechanization is aimed at fail operational/fail operational /fail-safe operation. 
For a combination of any two system malfunctions, the system will operate at 
original gain and authority. Subsequent malfunctions result in unsatisfactory, 
degraded system performance. Malfunctions result in the system being 
automatically configured for access by the data management computer during flight 
time-noncritical portions for isolation of improperly operating channels. During 
time-critical flight phases, detection of catastrophic PFCS failures automatically 
places the system in emergency control on the affected axis, provided that tiie pilot 
has armed the system on the PFCS control paneL 

A single PFCS failure is indicated to the data management computer but does 
not activate panel warning lights in the cockpit; 55 ^ stem status can be addressed 
by the pilot during any phase of the mission. A second parallel axis fault is 
indicated by illumination of an indicator strip on the annunciator panel in the 
cockpit md is addressed to the data management computer. This light notifies 
the pilot that subsequent faults in the affected axis of control will degrade performance, 
allowing liim to arm system logic for automatically smtehing to the emergency 
control mode. Alternatively, the pilot may address the data management computer 
and perform end-to-end tests to determine remaining system capabilities. 

PFCS redmidancy management logic is disseminated in the PFCS computers, 
thus preventing any single fault in the logic or prime power sources from 
inhibiting the redundancy management fiuiction. System checkout is accomplished 
by the data management computer supplying the necessary stimuli and 
determining the degree of system readiness, PFCS hardware also is amenable 
to other design and operational alternatives; however, the present discussion is 
only concerned with the baseline approach. Hardware selected is basically 
off-the-shelf L -1011 eqviipment which is modified in logic and control law 
implementation for the space shuttle application. 
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The hardware consists of the follomng major off-the-shelf components (excluding wiring 
and installation provisions): 

o P/N 672300-1-1, Rate Gyro (Pitch, Roll, Ya.w), Four /Axis, Pertinent 
characteristics include: 

Range - ±20 deg/sec 

Threshold - 0. 01 deg/sec 

Natural Frequency - 20 Hz imdamped 
Output - Phase Reversing 400 Hz ac voltage 
o P/N 672301-101, Lateral Accelerometer, (4) . Pertinent characteristics 
include: 

Range - ± 2 g 
Resolution - 0.0002 g 
Break Frequency - First Order - 20 Hz 
o P/N 672302-101 Normal Accelerometer, (4). Pertinent characteristics 
are identical to lateral accelerometer 
G P/N 672293-101, Computer Unit, (Six: 4 elevon, 2 rudder); Pertinent 
characteristics include: 

Independent computation channels - two/unit 
Majority voting - quadruplex voting 
Two or three layer printed circuit boards 
Multi-layer side plane board 

Fault isolation monitor tinnunicators on computer front panel 
GSE test connectors on front of unit 
Isolated cliannel wiring within the unit 
Gro\vth imovisions on each card 

0 AYN-5, Central Air Data Computer, (2). Pertinent characteristics 
include: 

Altitude Accuracy - ± (12, 5 ft ± 1 ft/1000 ft. ) to 50, 000 ft 
Altitude rate accuracj'' - ± 4% to ± 4, 000 ft/min. 

IAS - ± 5 knots to 500 knots 

Built-in interface with data management computer. 
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o P/N 0 97660, PFCS Ser\>~o^ (Ten; 8 elevon, 2 rudder) . Pertinent 
characteristics include: 

Dual Independent Servo Loops 
Dual Independent H 3 ^draulic Systems 
Break Frequency - As Desired 
Maximum Rate - As Desii'ed 

o P/N LIG-81-1, Trim Actuator, (Ten: 8 elevon, 2 rudder) . Pertinent 
characteristics include: 

Linear Screw Jack Actuator 

IJjjhtweight 

2B VDC Motor 


The PFCS provides three-axis stability augmentation functions including rate damping 
and turn coordination. Although the "SAS Off - vehicle flying qualities at present are 
incompletely (Icfined and tJie control laws are in preliminary development stages, 
enough analysis has been done on the basic (Alternate Concept) study to establish that 
SAS is required in at least the lateral axis. 

The PFCS pilot control loop for elevens and rudder control employ inputs from central 
air oata comjjuters to schedule gain changes and provide load limiting during the 
high Mach number aerodynamic portions of flight. 

Emergency Fl ig ht Controls . Emergency means of flying the vehicle after catastrophic 
failures Within the PFCS are provided In tlie orbiter aircraft flight control system. The 
concept for the system is simple. and highly reliable. It consists of powering trim 
actuators off isolated battery Misses through the standard trim switches on the side 
arm controller for pitch and roll, and rudder trim pot o,n the PFCS control panel. 

During normal operating conditions the trim actuator driving voltage is modulated, 
according to flight conditions, to schedule trim rates. When the emergency controls 
are activated by the pilot, this modulator is removed from the circuit and the pilot 
’’flies trim” wdtb the actuators providing maximum trim rates. 

The emergc.m;y controls can. be activated on an axis-by-a:ds basis by pilot selection on 
the PFCS contr'ol panel. Alteimatively, the PFCS system can be armed by the pilot at 
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any time throughout the flight and the emergency controls will be automatically engaged 
and annunciated to the pilot upon PFCS failure. Rigorous simulation/evaluation of pilot 
and trim control compatibility must be conducted before system performance capability 
is verified. Most jet power aircraft today are flowm primarily by means of the trim 
systems. The XV-4B aircraft also was flown in simulation primarily using the ’*beep" 
trim system. This is the simplest approach to emergency controls. 


Speed Brake ai>d Airbreathing Engine Throttle Control. For powered approach and 
landing the orbiter speed control system, in conjunction with the GN&C computer, 
determines the characteristics of the descent trajectory required to achieve a low 
approach path angle. Speed is controlled through automatic adjustment of the engine 
tlirottle. For unpowered flight, velocity reduction must be made before initiation of 
final glide, soon after the ’^engine thrust not available’’ decision point. For this condi- 
tion, the speed control system automatically operates the speed brakes to control 
rate of orbiter energy dissipation so that the correct residual energy remains for 
heading alignment turn, flare, final glide and touchdown. Both the engine throttles 
and the speed brakes can be operated manually bj^ the crew'. The block diagram of 
the speed brake and engine control system is showm in Fig. 2.2-9. 
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cable runs from each handle to the upper pair speed brake servos and lower pair of 
speed brake servos, respectively. Each actuator has series electrohydraulic valves, 
controlled by a simple asymmetry system patterned after an aircraft spoiler or flap 
system. However, instead of shutting down the system when as 5 ^mmetry is detected, 
the error signal is used to equalize panel deflections. A mechanization of this type 
allows control functioning in the presence of a fault in the system, which is highly 
desired for a system upon which tlie crew depends so heavily during reentry. The 
electrohydraulic valve inputs afford easy access to speed bralce control for automatic 
approaches made dead-stick. The series input, therefore, is used by the speed control 
computer during automatic approach and landing for automatic energy management. 

The speed braice controls interface with die data management computer to provide 
status information on system health. The interface is also used to isolate failures to 
the replaceable unit. 


Each engine fuel controller is displaced by a separate rotary servo actuator actuated 


ele c ex' ic ally from an iiiuependent tliroltle level on tire pilot and copilot throttle quadrantSi 


The system is basically non- redundant; however, the fact that the MTBF for the system 
is substantially better than that of tlie engine, coupled with tlie fact that the loss of an 
engine will not cause loss of control, provides the rationale for single -channel operation. 
Similar controls are used by the AH-56 Cheyenne, 


Autopilot Control Modes . The approach being talcen toward the use of automatic con- 
trols is to take maximum advantage of the proven L-1011 hardware to provide maximum 
sj^stem capability for a relatively small increase in total system cost. Therefore, 

Mark I Orbiter incorporates an autoland fimction capable of automatic approach and 
landing through rollout after tlie landing guidance beam is captui-ed. The L-1011 system 
is an integrated autopilot/fliglitdirector system, so the pilot plays the role of overall 
S 5 "stem manager and works in conjunction with the autoland fault detection/correction 
logic, improving system integrity throughout tlie approach and landing. 

The system consists of dual-dual analog computation channels for pitch and roll 
steering command generation and dual analog computation channels for speed control. 

• The system interfaces with dual radar altimeters, dual scamiingbeam ILS receivers, 
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dual control air data computers, the digital guidance computer m the spacecraft GN&C, 
program flight director and HSI displays, conmumication and control panels, and the 
PFCS computers as well as the data management computer. A block diagram of the 
autopilot is shown in Fig.v 2.2-106 

The autopilot/flight director system (APFDS) is fail-operative, since for any single 
failure its performance is not degraded and it operates with same authority and gains. 

It Is fail-safe in that subsequent faults involving system integrity cause the system to be 
automatically disengaged. The fault and/or disengaged status is processed by the data 
manag'ement computer and displayed on hardwired annunciators in the cockpit. 

The APFDS receives checkout stimuli from the data management computer for system 
integrity listing prior to deorbit. These stimuli are interchecked with dual switches 
on the PFCS control panel to prevent inadvertent testing during initial phases of flight. 
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In general, the L”101i hardware will be used intact and unmodified whenever possible 
to eliminate interface problems; however, S-3A hardware will be used where particular 
benefit is derived from the built-in data management system interface, since die 
orbiter DMS is basically the S-3A system. The autoland control laws will have to be 
modified to account for the steeper approach glide paths, higher speeds, and different 
flare altitude. The impact of these developments is relatively minor and v/ill not 
significantly affect overall program costs nor historically demonstrated capability. 

2,2.1. 1.2 Spacecraft Guidance, Navigation, and Control. The orbiter spacecraft 
guidance, navigation, and control system navigates, steers, maneuvers, and stabilizes 
the Space Shuttle from launch through reentry down to a velocity of Mach 2. During 
launch tlie orbiter provides guidance to liie composite orb iter-boos ter vehicle and 
subsequently to reentry below Mach 2 speeds. The spacecraft GN&C system provides 
inertial navigation backup to the aircraft flight controls and terminal navigation 
operations. 

A ’’single tliread" GN&C system consists of an inertial measurement unit (IMU) to 
provide inertial acceleration and attitude information; a digital computer to perform the 
computations required for navigation, guidance, and conti'ol; a star tracker to align 
the IMU in orbit; a horizon sensor and radar altimeter (together with the star tracker) 
to provide position, altitude, and velocity measurements for navigation; a precision 
ranging' system to provide range and range rate information for rendezvous with a 
cooperative target; and attitude control propulsion system (ACPS) and thrust vector 
control (TVC) electronics to provide the control laws and equation solution for steering, 
maneuvering, and attitude stabilization. 

The system interfaces with the aircraft prira.ary flight control system (PFCS), obtaining 
rate data from its rate gyros; the booster, providing thrust vector control and calculating 
the booster engine burn AV required; data management subsystem, whose digital computer 
acts as a back-up to the GN&C computer; displays and control subsystem, which displays 
orbital attitude, velocity, position, and other information for crew use; communication 
and tracking subsystem, tlirough which the ground control of Uie vehicle GN&C functions 
can be achieved; and tlie vehicle instioimentation and electrical power subsystems (EPS), 
Figure 2. 2-11 is a simplified block diagram of the orbiter spacecraft GN&C system. 
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Fig* 2,2-11 Orbiter Spacecraft GN&-C System 


GNfcC Functional Operations* Prior to launch, the inertial navigation platform is 
aligned using the gravity vector for platform leveling and gyrO"Compassing to establish 
azimuth. During or before diis period, gyro drift, misalignment, scale factor biases, 
and accelerometer biases and scale factor errors are measured, and stored in the 
GN&C computer for calibration purposes. Star tracker, horizon sensor, orbit altimeter 
and precision ranging system biases, as measured at tlie equipment suppliers facilities 
(if determined to be stable), are also included in the program. During this phase, any 
last-* minute changes to mission planning will be loaded into the computer. 

During the launch and ascent phase, the orbiter GN&C system will provide llie booster 
with steering commands to keep it on course relative to its programmed trajectory and 
will provide engine "on” and 'toff' discretes to keep maximum acceleration be'iow 3g, 

The acceleration information can be obtained eitiier from the accelerometers in the IMU 
or from the longitudinal aircraft flight control accelerometer. Rate information used 
for control damping is derived from the aircraft flight control rate gyros. 
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Acceleration during booster engine bum, as detected by the IMU accelerometers, is 
integrated in tlie computer and corrected with the BIU calibration data to provide 
inertial velocity. The velocity information is integrated once more with corrections 
included for tiie gravity effects, and the initial conditions added to obtain inertial 
position. When the required staging velocity is achieved, the GN&C computer sends an 
engine shutdown discrete to the booster engines and the separation sequence is initiated. 
After staging, the velocity and position information stored in the computer is used to 
perform the targeting for orbit injection. 

The GN&C computer provides the orbiter engines with an "on” discrete and subsequently 
controls maximiun acceleration to +3.0g in the same maimer as it did for the booster. 
Guidance is provided during orbiter engine bum throug-h tJie EMU acceleration and 
attitude data and trajectory calculations. When the computations indicate that the 
desired altitude and velocity have been achieved bj?^ the orbiter, the computer sends an 
engine "off" discrete. 

During coast periods in orbit, the IMU accelerometers will be disabled to prevent noise 
or biases from contaminating the inertial information stored in the computer. Position, 
attitude, and velocity update during coast will be performed. 

The star tracker, horizon sensor, orbit altimeter, and inertial measurement unit (for 
attitude angle) will provide the independent measurements required during orbit coast. 
These measurements are used for the determination of tlie state variables through the 
Kalman filter in the digital computer. This function is performed as shown in 
Fig, 2.2-12. 

During the orbiter engine biirivi^eriod, the estimate of the state vectors will be con- 
tinuously updated deterministically by integrating acceleration as measured by the IMU 
and adding the initial conditions to get velocity and integrating once more to get positiono 
Data obtained during groimd calibration (gyro misalignment, gyro drifts, accelerometer 
biases, etc) will be used in the computations to increase tlie accuracy of the I'esults. 

The resulting information (estimated position and velocity) will be stored in the computer 
to be used for initialization when the next orbital update is required. 


2.2-17 



LMSC-A995931 
Vol II, Pt 4 


KALMAN FiLTLR 


1 


— , 


RADIO 

ALTIMETER 

(OPTIONAL) 

ALTITUDE 



: 



MfASUREMLNT 
VARIANCES AND 

projection 

[GEOMETRY VECTORS] 


HORI/.ON 

SENSOR 


INERTIAL 
Mf ASKHI MtNT 
UNIT 







COVARIANCE 


EXTRAPOLATION 


' ' \ U 


WEIGHTING 

VECTOR 




STAR 

tracker 


^JA^RAL_ 

ANGLES 


iOSJQL 

STAR 


ATTITUDE 

determination 


GIMBAL 

command 

POSITION 


STATE VECTOR 
FOR GUIDANCE 
AND NAVIGATION 
• — o — e» 


f* 

L_ 

in 


r 

I 


! 

■ 



1 

MEASUREMENT 




PREDICTION 

' 


COASTING 

INUORATION 

ROUTINE 




Fig, 2.2-12 On-Orbit and Attitude Determination 


Tor rendezvous with the cooperative target, the precision ranging system is used to 
obtain navigation information. Through the use' of a ti’^ansmitter/ receiver/interrogator 
on the orbiter and a compatible transponder on tlie target vehicle, distance to the target 
and relative velocity are measured. Use of tliree or more transmitter/receiver 
antennas on the orbiter, located some 50 feet apart, allows the determination of the 
Ime-of-sight (LOS) to the target through phase differences and trianguJation. 


'The range, range rate, and LOS angle data are processed in the GN&C computer to 
determine the orbital plane and phase change, engine burn attitude, and velocity 
changes required, Witli the targeting completed, the applicable commands are given 
for vehicle orientation and start of engine burn. The subsequent steering is performed 
by the computer from acceleration and attitude mformation is obtained from the IMU 
accelerometers and gunbal readouts, respectively. 
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When the desired position and velocity, relative to die target, are achieved tlie GN&C 
computer turns the orbiter engines off. The crew selects the desired attitude stabiliza- 
tion mode (free inertial, horizon sensor control to local vertical, or target tracking) 
and prepares for manual control of die orbiter for docking. 

Manual control of the orbiter attitude and translation are achieved through the use of 
a set of controllers, one for rotation and tlie other for translation, which actuate the 
ACPS thrusters. The control mode is primarily acceleration for translation and rate 
for rotation. Controls are pro^dded for both die pilot and co-pilot although a third 
station (with appropriate controller and displays), with a view looking tiirough die 
cockpit window in generally die aft direction, may be required if docking is to be done 
through the payload bay. 

Deorbit and reentry operations begin with an update of position, velocity, and attitude. 
Targeting for desired reentry footprint and retrograde bum initiation point and orbiter 
orientation are determined m the computer. The sequence is initiated manually and 
appropriate maneuvers are automatically performed to orient die vehicle in the desired 
direction. The engines are ignited and attitude is controlled by the computer and the 
IMU to maintain the desired trajectory. When the computed position and velocity are 
achieved, the engines are turned off, with attitude control being maintained by sensing 
angle-of- attach, slip and yaw angles tiirough the IMU accelerometers (with corrections 
for local gravity affects), and correcting die errors through the ACPS, The IMU gimbal 
angles will also be used to indicate deviations from the reference trajectory. 

Wdien the vehicle exits the "blackout'' regime (at about 150,000 feet) vehicle altitude 
will be updated using the orbit altimeter and the required trajectories to a number of 
alternate landing sites will be '"computed. The point in the trajectory where the controls 
will be handed off to the aerosurfaces will also be calculated. The crew will select the 
landing site and initiate the automatic control for the terminal phase. Acceleration and 
attitude data from the EMU will be used to fly the nominal trajectory with information 
from TACAN, available if needed. When the hand-off point is reached, the aircraft 
flight control system tal^es over with some period of overlap before the ACPS system 
•is turned off. The aircraft flight control system is described in pcu\ 2.2, 1, 1. 1, 
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GN&C Equipment, The study requirement to minimize program costs and techno- 
logical risk immediately eliminated many system concepts and equipment from 
consideration, on the basis of early development status. Equipment such as the 
dodecahedron inertial measurement unit, and concepts such as land mark trackers 
for orbital navigational update, could not be considered seriously because of produc- 
tion status in the time period 1972 through 1977 when the equipment would be required 
for the Mark I vehicle. Prior to start of Mark II development, each of these and other 
areas presently being demonstrated in the laboratory should be re-evaluated to deter- 
mine if potential technical advantages warrant cost and risks involved. 

Fimther discussion of GN&C equipment follows, in paragraphs a. tlirough f. 

Inertial Measurement Unit. In the inertial measurement area, the Carousel IV 
IMU was chosen, primarily because of its low cost ($110K compared to the Honeywell 
Inertial Sensor cost of $300K) and its demonstrated (in aircraft) capability compared 
to the Carousel VB or the dodecahedron, neither of which are in production at this 
time. Two factors remain to be resolved and could have a bearing on the final IMU 
selection. These are: (1) the possible modification required to the Carousel IV imit 
to allow operation in the ascent and space environment, and (2) whether the attitude 
(gimbal) angular readout accuracies of 0.2 deg (0 to 10 deg range), 0.5 deg (10 to 
30 deg range) and 1.0 deg (30 to 180 deg range) are adequate for space shuttle use. 
Both of these concerns would he resolved if the Honeywell Strapdown Inertial Sensor 
Assembly is used, since the unit is space -qualified and the attitude readout resolution 
is better than 0. 1 minute of arc. 


Some of the key characteristics of the Carousel IV IMU and the Honeywell ISA are 
shown in Table 2.2-1. The Carousel VB , which is to be developed for the Titan IIIC , 
has performance characteristics similar to the Carousel IV and would cost about the 
same (SllOK) but would use only about one -third the power. 

b. Digita l- Computer . The Univac 1832 general purpose computer was selected as the 
GN&C computer to perform the ascent and space flight guidance and navigational fiinc- 
tio ns and computatio ns. . T he Spe rr y -R and mii t wa s cho sen for thi s app licatio n b ecau se 
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Table 2,2*-l 

INERTIAL MEASUREMENT UNIT 


Parameter 

Delco Carousel IV 

Hone5u.vell ISA 
(Used With H448) 

Performance 

Gyro 

No n-G -Sensitive Drift (la) 
G -Sensitive Drift (la) 

G -Sensitive Drift (la) 

0 , Air 
0. 12^/hr/G 
0.003%r/G^ 

0. 1^/hv 
0.2°/hr/G 
0. 05^ /hr A t 

Accelerometer 
Bias Stability 
Scale Factor Stability 

20 X lO"^^ G 
350 PPM 



10 X 10~^ G 
100 PPM 

Power 

Warmup 

Operate 

1200 W 
400 W 

220 W 
125 W 

Weight 

53 lb 

38 lb 

Developed (used on which 
program) 

Boeing 747 

Airforce Agena P711 

When Qualified 

— 

Mid 1971 

Quantity Built/Flo'ivn 

^ r 

6/1 

Cost 

Modification and Requal 
Per Unit 

$1.0 M (LMSC Estimate) 
$110K 

$0 

$300K 


of the advantages inherent in using the same computer in both the GN&C and data 
management systems (DMS). The DMS unit which has a dual processor and dual 
memory stack. (65K words) will operate as a baclmp to the single processor, single- 
memory stack (32K words) GN&C unit. It will operate in parallel with the GN&C 
xmit during flight, performing simultaneous computations but will be functionally off- 
line until commanded through the data management system to functionally replace the 
GN&C computer. The use of the same ccmpuler in GN&C and the DMS vAll reduce the 
total software generation and validation effort because the identical program will be used 
in both units. 
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Other computers investigated during the study were the Delco Magic 362, CDC 
Alpha-1, CDC 469, and GE CP-24A, IBM -Itr units. All of these remain strong 
candidates for future consideration because of the weight, power, and hardware cost 
advantages. Table 2.2-2 gives some of the key characteristics of the computers 
considered. 


c. Orbital Initialization and Update Sensors. For alignment of the IMU in orbit, 
the star tracker was selected because of its accuracy. Other methods which could be 


used with the equipment already available on the vehicle would be to align the IMU in 
two sc^es through the establishment of the local vertical using the horizon sensor and 


fixing the third axis using the precision ranging system with a ground transponder, or 
the gyro compassing technique. The latter method takes advantage of the dynamic 


coupling between the roll and yaw axes inherent in an earth -orbiting vehicle which is 
kept locally horizontal. The roll rate error is used to correct for out-of-orbital plane 
3 >aw errors. The star tracker selected was the BendLx .Apollo Telescope Mount (ATM) 


unit, being developed for the tikyiab program. Other miits eonsidered v/erc the Litton 
LTN 300 unit developed for the FB-111 airplane, and the Kollsrnan KS 199 which was 
being developed for the Manned Orbiting Laboratory. The reason for the selection of 
the Bendix unit is that it is being developed for, and will be qualified to operate in, 
long-term space use. It can be used with little or no change for the shuttle application. 
The Kollsrnan unit requires additional development and testing, and the Litton unit might 
have to be repackaged to withstand the lengthy space operation. 


Table 2.2-3 shows a comparison of the three candidate systems. 

The method selected for orbital update was to determine inertial position by establish- 
ing the line-of-sight (LOS) angles between two or more stars and the local vertical 
and distance from the center of eax'th. 

The same star tracker required for IMU alignment is used to determine the star LOS, 
a horizon sensor is used to establish the local vertical, and a radar altimeter is used 
to determine altitude. 
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Table 2. 2-2 

ORBITER COMPUTER COMPARISON 


Ko. Of 

I b'.stnicMons 


Memor3'' 


Type 


Basic/Max Words 


184 


-f- 


1 , 


G1 


44 


53 


44 


131 


Handom Access (RA) 
Nondestructive 




dout (NDHO) 


Destructive Readout 
«DRO) 


DHO Core 


RA 

KDRO 

Plate Wire Memory 
Optional RD Oiily 


I6k/131k 

Direct Addressing 
+ 0»65k 


Circuit 

Characteristics 


DSr/lC 

115v, 400 Hz 
30 Input Power 


8,19k/32k 
Direct Addressing 
for 24k 


4k/64k 


RA 

KDRO 

PWM 


8k/32k 


RA 

DItO 

Core 


RA 

mo 

KDRO 


8k/65k 


32k/96k 


TTL Flatpacs 


MOS-LSI 

Needs 

Converter 


MOS-TTL 


MSI-TTL 


MSI 


Arithmetic 

Featixres 


Fixed or floating 
Point j Double 
Precision 
2’s Complement, 
Trig Instructions 


MTBF 


6,000 hr 
Predicted i 


Fixed Point 
2's Complement, 
Full Length 


5, 158 hr 


Fixed Point 
2’s Complement 


Fixed or 
Floating Point 


8,000 hr 1 
Predicted 


12,000 hr j 
Predicted f 


Fixed Point, 
Double Precision 


Fixed and Float- 
ing Point Option, 
Double 
Precision 




5,000 hr j 
Predicted * 


t 


2,000 hr i 
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■ 1 - 


Support 

Software 

Availability 

■ 

Dev/Qual 

Status 

Weight 

Power 

Remarks 

‘ ■■. 'i:f. 

6,000 hr 
predicted 

All Software 
Support Program 
Available, 

Ruii On CDC 6400, 
GDC 3300 
XDS Signal 7 

In Production, 
Qualified to 
MIL-E-5400, 
Class 2 

44 lb 
(32k) 

330 W 


■ 

5, 158 hr 

Software Available, 
Rim on IBM 360 

In Production, 
Qualified to 
MIL-E-5400 
Class 2 

65 lb 
(32k) 

250 W 

Liquid Coolant 


8,000 hr 

Assembler 

3 Prototypes 


15W 

No Active Cooling 


Predicted 

Simulator 
Available, 
FORTRAN IV 
Compatible Witli 
CDC 6600 

Px'oduced 



Required 


12,000 hr 
Predicted 

Assembler 
Simulator (Regis- 
Logic), Test and 
Diagnostic Routine, 
Utility Routines, 
Library Routines 

One Engineer- 
ing Model Pro- 
duced, Qual 
Test Scheduled 
for 2nd Quarter 
1972 

35 lb 

35 W 

No Active Cooling 
Required 

‘ • f 
• .*. 

5,000 hr 
Predicted 

\ 

Assembler Basic 
Compiler 
(IBM 370) 

Simulator in De- 
velopment 
Automatic Check- 
out for Program v. 
Validation 

First Proto- 
type Scheduled 
Dec, 1971 

25 Ib 
(32k) 

114 W 

Air Cooled 

1*-. ,V*" 

. ■ - 

! 

1 

f 

j 

2,000 hr 

ULTRA Macro 
Assembler 
CMS-2 Compiler 
Language 
SLIC Librarian 
and Corrector 
UTIL Service 
Routine 
SOLO Leader 

In Production 

126 lb 
(32k) 

600 W+ 

Air Cooled 


^ -,;2Zf 
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Table 2,2-3 


ORBITER STAR TRACKER COMPARISON 


Parameter 

Bendix 

Apollo Telescope 
Mount (ATM) 

Litton 

LT300 

Kolisman 

KS199 

Performance 
Accuracy 
Field of View 
Gimbal Range 

Star Magnitude 

30 sec 
1.0^ 

±80^ Outer, 
±90^ Inner 

15 sec 
2.0^ 

±60^ Outer, 
±7 5 Imier 

15 sec 
1.0^ 
i55^ 

Reliability (MTBF) 

5 , 000 hr 

400 hr 

12, 000 hr 

Power 

25 W 

20 W 

23 W 

. . . Tracker 

Electronics 

39 lb 
28 lb 

, 62 lb 
28 lb 

35 lb 
35 lb 

Developed for Wliich Program 

Skylab 

FB 111 

MOL 

Development Status 
When Qualified 
Number Built 
Number Flovm 

Nov 1971 
6 
0 

June, 1971 
109 

90-95 Units 

Late 1970 
1 
0 

Cost 

Development 

Per Unit (Order of 10) 

0 

$250K 

LMSC Est. 
$1. OM 
$200 K 



The horizon sensor selected was the Barnes 13-166 conical scan system, which uses 
a thermistor bolometer to locate the earth horizon along the sensor scan path by 
differentiating between the earih and space infrared energy levels. This system has 
been qualified to space environments and a number of sj^stems have flown on earth - 
orbiting missions exceeding 30 days. 

The 13-166 design uses the same basic concepts, the identical electronic circuits, 
scan motor, and bearings as the Model 13-156, which has flown v/ith great succevSS on 
over 100 Agena space missions. The 13-166 model can be used for the shuttle without 
any change in basic design. 


2. 2-25’ 






























LMSC-A995931 
Vol II, in 4 


Other candidate systems investigated were the Quantic Model IV and the Lockheed Low 
Altitude Horizon Sensor. These two systems were eliminated from consideration be- 
cause of their early development status (neither have been qualified), although the 
attitude accuracy of both systems should be significantly better than the Barnes system. 

Table 2.2-4 shows a comparison of some of the key features of the three sensors 
investigated. 

The orbit altimeter selected was the GE 7631 111 G1 system being developed for the 
Sl^j’lab program. In the few weeks of the study, no other source in industry with a 
system approaching the capability of the GE unit could be found. From discussions 
with General Electric, apparently all shuttle requirements can be met without modifica- 
tion. Other suppliers contacted were Westinghouse and Teledyne /Ryan. Both of these 
suppliers had developed test systems for the early Satui’n launches j however, considerabl 
development would be required by both to upgrade these systems. 

Other methods of determining altitude were investigated and two of these will be used 
as backup methods for the shuttle. These are: (1) using the horizon-to -horizon 
angle measurement taken by the horizon sensor, and (2) using the range and line-of- 
sight measurements taken with the precision i;anging. system on the vehicle and a 
ground transponder. 


The reason that the orbit altimeter was chosen over the horizon sensor is that the 
accuracy of its measurement (over ocean) is within two meters compared to the 1 to 
2 miles accuracy of the horizon sensor at an altitude of 100 miles. The x'eason the 
altimeter was selected over the precision ranging system (PRS) was that the PRS, 
capable of measuring altitudes beyond 200 miles, is still in the development stage, 
although expected to be in production within 5 to 10 years. Also, even for earth orbits 
below 200 miles, ground transponders within reach of the onboard interrogator \vould 
be required during measurement. If transponders are available for other usage, such 
as for orbitrxi update and landing, the PRS would be a strong candidate to replace the 
orbit altimeter . 
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Table 2.2-4 

OKBITER HORIZON SENSOR COMPARISON 


Parameter 

Barnes 

13-166 

Quantic 
Mod IV 

LMSC 

Low Ait Horizon Sensor 

Performance 




Accuracy 

Classified 

±0.05 deg 

± 0. 05 deg 

Horizon Variation Effects 

±0. 10 deg 

±0.06 deg 

± 0 . 06 deg 

Altitude Range 

80 — 400 nm 

80~ 25K nm 

80-400 nm 

Acquisition Ra^;^ge 

± 12 deg 

± 140 deg (400 nm) 

± 15 deg 

Control Range 

± 10 deg 

±20 deg (300 nm) 

± 5 deg 

Output Type 

Analog 1 volt/deg 

Digital 14-Bit Serial 
Analog and 1 voit/deg 

Digital 16 -Bit Serial 

I Reliability 

0. 942 (30 Days) 

0.9999 (6 Months) 

0.977 (30 Days) 

j Power 

25W 

20W 

20W 

Weight 

25 lb 

18 lb 

20 lb 

Dimensions (in.) Tracker 

5. 1 X 4.8 Dia (2 each) 

8-1/2 X 5 X 5 (4 each) 

7x6x5 (4 each) 

or LXDIA) Electronics 

11.1 X 8.5 X 3.2 

10 X 8 X 4 

Not required 

Developed for \W7ich Program 

A F Agena 

— 

— 

Development Status 




^vhen Qualified 

Oct 1971 

— 

- 

Number Built 

Prototype, Qua! and 
2 Flight 

Partial Prototype 

Partial Prototype 

Number Flown 

0 

— 

— 

Cost 




Development 

— 

$1.4M • • 

$1.0M 

Per Unit (Order of 10) 

$100K 



$200K 

$80K 
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d. Rendezvous Sensor . For rendezvous navigation, the Cubic precision ranging 
system (PRS), microwave radar and laser radar were considered. Table 2.2-5 gives 
some of the characteristics of laser and microwave radar characteristics and Table 2,2-6 
lists characteristics of the precision ranging system. 


Table 2.2-5 

RENDEZVOUS SENSOR CHARACTERISTICS 



Laser (Coop) 

Radar (Coop) 

Search Angles 

±15^ 

±90^ X 90*^ 

Range, Max. 

75 nm 

400 nm 

Range Rate, Max, 

10,000 n/sec 

4900 ft/sec 

Accuracy 


> 50 nm ±0. 1% 

Range Rate 

ao.5% 

< 50 nm --fc80 ft 

Range Rate 

±1 m/sec 

±1. 0 ft/sec 


±0. 02 deg 

± 0 , . 1 . deg 

LOS Angles Rate 

;b0.003 deg/sec 

* 

Shuttle 

7.5 in. dia X 17 in. Ig. (cyl) 

28 X 8 X 5 in. 


and electronic 


Size 

6 X 12 X 12 in. 


Weight 

24 lb 

75 lb 

Power 



Consumption 

20 watts 

250 watts 

Antenna Aperture 

Xmtr. 0. 5 in. dia 



Rec. 2-3 in. dia 

24 in. dia 

Space Station 



Size 

4 in. dia 

12 X 7.5 X 6 in. 

Weight 

2 IF 

14.5 lb 

Power 



Consumption 

N/A 

75 watts 

Antenna Aperture 

N/A 

4 in. dia 
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Table 2.2-6 

CUBIC MODEL CR 100-4 PRECISION RANGING SYSTEM (ORBIT MODE) 


Error Source 

1 

1(7 Magnitude 

Random Error 


Ranging Error Due to Finite Signal -to -Noise Ratio and 


Equipment Added Noise 

1,0 ft 

Phase Shift Over Dynamic Range of Ranging Operations 

1.0 ft 

Phase Shift With Temperature Over Operating Environment 

1.0 ft 

Phase Shift of Interrogator Due to Vibration, Shock and 


G-Loading 

Negligible 

System Error Due to Craft Dynamics (25 , 000 ft/sec) and 


1000 ft/sec^ 

0.2 ft 

Multipath Error in Ground -to -Air Range Links 

3.0 ft 

Digitization Error 

0.3 ft 

RSS Total 

3.5 ft 

Bias Error 


Calibration (Equipment) 

1.0 ft 

Scale Factor 


Stability of Crystal Oscillators 

0. 1 ppm 

Uncertainty in Velocity of Flight . 

0.5 ppm 

Propagation 


^ N Approximation 

50.0 ppm 

End Point Correction 

10.0 ppm 

Electrical Characteristics 


Carrier Frequency 


Transmitted Power 

L- or S-Band 

Receiver Sensitivity 

12 watts 

Medium Range and Rate Mode 

-119 dbm 

Long Range and Rate Mode 

-125 dbm 

Range Rate Only 

-131 dbm 

Power Consumption 


Interrogator 

120 watts 

Transponder 


Standby 

7 watts 

Transmit 

80 watts 

MTBF 


Interrogator 

2300 

Transponder 

7000 
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The laser radar was considered a strong candidate because of its accuracy, low weight, 
and low power, but was considered a limited use device compared to the multipurpose 
PRS because of the potential hazard to the eyesight of unprotected crew members on the 
target vehicle (conventional radar is also of limited use and was discarded for this 
same reason and because of its higher power requirements). 

The system chosen (PRS) is a range and range rate measuring device using phase 
comparison between the transmitted signal and the signal returned from a transponder 
for range determination and the doppler effect to determine range rate. Figure 2.2-13 
describes the basic technique of determimng distance. Three antennas, located at 
different points on the orbiter, can be used to determine direction to the target thi'ough 
phase differences and tri angulation. 



Fig .. 2.2-13 Pha s e Comp ar i son R angi ng 
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An advanced version of the PRS can also be used for orbit update and as a navigation 
aid for landing. For orbit update, position and velocity can be obtained through the 
use of one interrogator on the vehicle and one transponder on the ground at a precisely 
Itnown location. Direction to the ground transponder can be obtained by using the same 
three antennas used for rendezvous. The ambiguity in orientation about the direction 
vector to the ground transponder can be resolved through a single star sighting or by 
using the horizon sensor to control to the local vertical. For landing, range and range 
rate can be obtained through the use of one or more transponders at the landing site 
and altitude and vertical velocity can be obtained through triangulation with three or more 
transponders on the ground near the landing strip. These same landing site transponders 
can be used for the orbital update if they fall within range of the interrogator on the 
orbiter durii^ orbit passes. 


Cubic has in production for the Air Force the Model CR 100-1 (CIRIS) unit, which has 
a limited range of 200 miles. This model could be used unchanged for rendezvous and 
landing purposes but would not be adequate for orbital update. Since the primary use 
of the PRS is for rendezvous , with it being used as baclcup to conventional ILS 
(horizontal test flights) or the microwave scanning beam (vertical flights) for landing, 
it is proposed that the existing limited range model CR 100-1 be used on the early 
Mark I vehicles and the longer range CR 100-4 model be incorporated when that system 
becomes available. Table 2.2-7 lists the expected errors when PRS is used for approach 
and landing navigation. 


e . Attitude Control Propulsion System (ACPS) and Thrust Vector Control (TVC) 
Electronics. The ACPS and TVC electronics used on the orbiter will be similar to 
those used with great success on more recent Agena and other Locklieed space programs. 
The same depth of technology' developed in the electronic and packaging design, parts 
application, and materials and.processes selection areas for these programs will be 
applied to the orbiter electronics. 
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Table 2.2-7 

MODEL CR 100-4 RANGE AND RANGE RATE ERROR BUDGET 
(APPROACH AND L.ANDING MODE) 


Error Source 

la Magnitude 

Range 


Random Error 


Ranging Error Due to Finite Signal-to -Noise Ratio and 


Equipment Added Noise 

0.3 ft 

Phase Shift Over Dynamic Range of Ranging Operations 

0.5 ft 

Phase Shift of Interrogator Due to Vibration, Shock and 


g -Loading 

Negligible 

System Eimor Due to Craft Dynamics (2000 ft/sec) aaid 


1000 ft/sec“^ 

0.2 ft 

Multipath Error in Ground -to -Air Range Links 

3 cos 0 ft 

Digitization Error 

0.3 ft 

RSS Total (3 cos <5 

6)^ -f (0.7)^'^^^ 

where 0 = elevation angle 

— „ 


Bias Error 


Calibration (Equipment) 

1.0 ft 

Phase Shift With Temperature 

0.5 ft 

Scale Pa.ctor 


Stability of Crystal Oscillators 

0.1 ppm 

Uncertainty in Velocity of Light 

0.5 ppm 

Propagation 


N Approximation 

50.0 ppm 

End Point Correction 

10.0 ppm 

Range Rate 


Velocity Independent ' 


Rate Error Due to Finite Signal-to -Noise Ra tio and Equipment 


Added Noise 

0.01 ft/sec 

System Error Due to Craft Dynamics, a = 1000 ft/sec"^ 

0.001 ft/sec 

Digitization Error 

0.014 ft/sec 

Multipath 

O.Ol ft/sec 

RSS Total 

0.02 ft/sec 

Velocity Dependent 


Stability of Crystal Oscillator 

1 ppm 

Uncertainty in Velocity of Light 

0 , 5 ppm 

Propagation 


N Approximation 

50.0 ppm 

End Point Correction 

10.0 ppm 
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The A CPS electronics for the orbiter performs much the same functions as the 
electronics used on the Air Force P467 program to drive the monopropellant (hydrazine) 
thrusters on this large space vehicle. The main differences behveen the two applications 
are that the P467 electronics drive 8 thimsters and the orbiter electronics must drive 
a total of 32 thrusters; and that the logic involved in tliruster selection for the .shuttle 
vehicle will be significantly more complex because of the number of thrusters and the 
interaction between translation and rotation created by the lack of pure couples. 

Figure 2.2-14 shows the combinations of tiirusters required for rotational and trans- 
lational control. Figure 2.2-15 shows a typical ACPS electronics channel. 


The TVC electronics for the orbiter is similar to that used for the PllO Air Force 
Agena Program and will derive most of its circuit and packaging techniques from that 
unit. The same basic circuits were used previously on the Agena target vehicle for the 
Gemini program. Fig'ure 2.2-16 shows the signal phasing associated with gimbailing 
the four engines and Fig. 2.2-17 is a block diagram of the Orbiter TVC electronics. 
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Fig. 2.2-14 ACPS Thruster Matrix 
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Fig. 2.2-15 Typical AC PS Ilrive Electronics (X Translation and Yaw t^zcT~jrjn) 
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Fig . 2.2-16 Orb i ter TV C P ha sing 
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Fig. 2.2-17 Orbiter TVC Electronics 


f. Equipment Sumniax^y. A list of the orbiter spacecraft GN&C system equipment 
is shown in Table 2.2-8, together with the part number, weights, present or planned 
usage and the quantity required by program phase. 
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Table 2.2-8 


ORBITER SPACECRAFT GN&C EQUIPMENT 


EQUIPMENT 

PART 

NO. 

WEIGHT 
PER EACH 


^ QUANTITY/LfTCCTIVlTY 

PRESENT 

h\A?X 1 


mr.K n 

OR PLANNED 
USAGE 

FliF 

FVFM 

FVrUN 

OPER 

INTERiAL REFERENCE UNIT 

carousel IV 

CAROUSEL VO 
OR 

HONEW/ELL 448 

53 LD 
50 LB 

30 le 

747 

Tine 

AGtNA 


2 ' 

2 

3 

1 = 

DIGITAL COMPUTER ; 

UNI VAC 1032 , 

126 LD 

S-3A 


1 

I 

1 

! 

1 — — ~ ^ — - ' 

i STAR TRACKER 
1 

OENDIX ATM 

77 18 

5KYLAB 




2 

2 

HORI20N SENSOR 

BARNES 13-166 
QUANTIC MOD IV 
•OR 

LM5C LAHS 

25 LB 
10 LO 

, 10 UI 

AGENA 1 




2 

111 

{ 

1 

j ORBIT ALTIMETER 

Gf: 7631111G1 
DERIVATIVE OF 
ABOVE UNIT 

45 LB 
. 40 IB 

SKYLAB 

GEOS 


2 

2 

3 

3 

— M 

RENDEZ. AND LANDING DME (PR5) 

CUBIC CR lOO-l 
OR CR 100-4 

25 LB ' 

. 





2 

2 

MAIN ENGINE GIMP.AL SERVO 
(TVC) ACIUATORPKG 

MOOG 

50 LS 

SIVB 


8 

8 

8 

a 

‘iWC ELECTRONICS 

SIMILAR TO AO ENA 
PllO 

TVC ELECTRONICS 

30 LB 

AGENA 


3 

ft rMAMKjri 

3 

3 



EACH 




ACPS ELECTRONICS 

— — 

SIMITAR TO Af 
P467 ACPS 
ELECTRONICS 

1 50 L8 

P467 ACPS 


3 £/xh has 

DRIVERS FOR 
12 ENGINES 

3 

3 

3 

C:-' 



— 

— 

! SUBSYSTEM INTERFACE UNITS ' 

- 

55 U 

NEW 

L 

3 

3 

3 


\ TOTAL 





22 

22 

50 

IL.... 

, j 
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2. 2* 1. 2 Communications, Tracking, and Navigational Aids. The communications 
subsystem for the Mark I orbiter (Fig. 2.2-18) comprises the equipment necessary 
for data and voice up-link and down-link, crew intercom system, and recovery 
beacon for all phases of shuttle operations. 

For atmospheric flight operations (horizontal flight test, ferry, and approach and 
landing folio vang reentry), standard aircraft UHF voice communications is provided 
through the UHP' transceivers, antenna switch, and combination UHF/S-band 
scimitar-notch (SCIN) antennas. Voice utilizes the S-3A audio panel and is switched 
through the panel controls and the S-3A communications SIU to the UHF transceivers 
Use of the VHF beacon applies primarily to atmospheric flight test vehicle recovery 
operations. 

Spacecraft Communications. For exoatmospheric voice communications, the 
Apollo S-band equipment (premodulation processor, unifield S-band equipment, 
S-band power amplifier, and antenna, switch, and the combination antennas) are 
utilized. Voice again utilizes the audio panel and comm^mication SIU for proper 
switching. 


Aircr aft /Spac e craft Communications . Telemetry (PCM and FM) utilizes the 
S-band equipment for both aircraft and spacecraft applications to transmit develop- 
mental and operational instrumentation data, as well as coded data from the data 
management system. Crew intercommunication equipment is contained in the audio 
panel for both applications. 

Equipment Selection. All equipment is selected based on existing spacecraft and 
aircraft applications when high reliability has been proven for voice data and 
command communication. The S-band equipment is Apollo-proven and the UHF 
audio and interface equipment is from the S-3A aircraft. A complete list of equip- 
ment is given in Appendix D. 

The Apollo unified S-band equipment combines voice and data communication, 
tracking, ranging, and telemetry on a single (rest) frequency of 2272.5 ±.455 MHz. 
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The VHF recovery beacon transmitter frequency is 243 MHz with 30 percent 
modulation with a 1000 Hz square wave, which is keyed on two out of five seconds 
on a cyclic basis* 

The UHF equipment is tuned through the communication SIU to the selected channel. 
The antennas are placed on the upper and lower surfaces of the orb iter to give full 
360-deg coverage. Each is a notched scimitar type to give excellent efficiency on 
both S-band and UKF frequencies. The antenna placement is shown in Fig. 2.2-19. 
The Apollo equipment is intemaily redundant on a modular basis and requires no 
external duplication of equipment. The UHF equipment is not internally redundant 
but is highly reliable; therefore, dual redundance is considered adequate. 

Tactical Air Communication and Navigation (TACAN) System. TACAN S 5 rstems 
provide the pilot and co-pilot with bearing and distance indications to selected 
ground TACAN stations. Audio tone identification (Morse code) of the selected 
ground stations is provided to the pilot and co-pilot headphones through the orbiter 
inte?'phone system. In addition, the pilot and co-pilot may select and lly courses 
about the selected ground stations by following deviation indications on their HSIs. 

The pilot RSI will indicate how far the orbiter is away from a preselected course as 
well as indicate the position of the ground station from the aircraft. Bearing 
indications up to 360 degrees is indicated on "HSIs with distance up to 300 nautical 
miles being indicated on the same indicators. The orbiter is equipped with two 
complete and independent TACAN systems whose components are located as follows:* 

o Tv^o RT units, located in avionics equipment bays 
0 Tv'o antennas, located on the bottom fuselage 
o Two antennas, located on the upper fuselage 
o Two control panels, located on the center console. 


*Each system contains three circuit breakers (G/Bs); a 28-Vdc, a 115- Vac juid a 
2 6- Vac, all of v/hich are located on the C/B panel. 
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Fig. 2 . 2-18 Communications Subsystem 
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Fig. 2.2-19 Antenna Placement 
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The control panel contains controls for pilot operation of the system. Control 
functions are as follows: 

o The knob marked VOL controls the audio volume level of the identification 
tone. 

o The MODE switch allows selection of 126 channels in "X" mode and an 
additional 126 channels in mode when the surface beacons gain this 
capability. 

o The TENS knob controls the first tv/o digits and the units loiob controls the 
last digit in the channel indication window. 

o The indicator displays channels 1 through 126. 

o TOP or BOTTOM antenna can be selected manually or automatically by 
the ANT switch. 

o The center control switch controls off-on power and reciever-transmitter 
functions. Transmitter rjuiges of 70-200 and 300 nautical miles can be 
selected. 

o The TEST sv/itch energizes BIT circuits in the RT unit that automically 
checks the status of the system. 

© GO/NO-GO lights indicate system status. 

o Reference to the fault indicators or the RT unit locates the fault to a 
pai’ticular unit, i. e. , RT unit, control panel. 

Range, bearing, course deviation, and validity, are displayed on the pilot's and 
co-pilot's HSI when selected on the integrated navigation display" selector. A 
desired course, referenced to magnetic heading, is set-in by the COURSE SET 
knob. Tliis course is displayed In the COURSE window and by the course arrow. 

The deviation bar indicates deviation of the orbiter left or right of this desired 
course. Deviation signals are switched through the flight director computer (FDC), 

The bearing pointer, outside the compass card, indicates bearing to the selected 
TACAN station. Distance to the station is displayed in the MILES window; the 
window is also masked when range information is invalid. The TO- FROM indicator 
points "to" the head of the cour'^'h arrow when the selected course is within 90 
degrees of the bearing to the station as indicated by the bearing pointer. The 
TO- FROM indicator points "from" the head of the course arrow when the selected 
course is more than 90 degrees from the bearing to the station, as indicated by 
the bear ing po inter , 
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The receivei'-transmitter performs the major functions of transmitting and receiving 
coded RF pulse pairs and single RF puises, decoding the received pulses to recover 
bearing and range information, and performing bearing and range computations. 
Transmission and reception of signals is accomplished over a common antenna 
system (not part of the navigational set). The antenna system consists of two 
antennas that are switched at a 0. l-cps rate when the antenna selector switch is set 
for automatic operation and the system is not locked in range or bearing. The 
signal for switching antennas is developed by the receiver-transmitter. 

TACAN units were selected as navigation aids for their built-in compatibility with the 
data maiiagement computer through the navigation data repeater and converter. This 
interface conveys system status and display information. The foi^mer is processed 
in the GPDC and the latter in the navigation data repeater and converter (I^DRC) for 
selection by the pilot/co-pilot on the navigation display selectors. 

Instrument Landing System (ILS) . Provisions were made in the orbiter avionics 
for conventional instrument landing system (ILS) receivers as a navigation aid for 
horizontal ferry flights and for use throughout the initial phases of horizontal llight 
test. Several alternatives to the conventional ILS were investigated including: 

o Autonomous Radar Approach Systems 
® Precision Ranging Systems 
o Microwave Landing Guidance Systems 

The conventional ILS approach was adopted initiaity for the following reasons; 

o The autonomous radar approach requires a radome of significant size and 
associated equipment of sufficient cost and complexity to rule them out on 
the basis of the cost and weight of the equipment^ the software additions, 
the redundancy required, projected against reliabilities, and system 
development costs, ftie C~5A is the only aircraft planned to implement 
this automatic mode. There are operational requirements on the C-5A 
requiring it to land without ground aids , For tliis concept to hold true the 
onboard radar system must have exceptional resolution to "see" the end of 
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the runway. The C-5A system now uses corner reflectors on the runway 
end for accurate radar approach calculations-. For the shuttle application 
this approach was considered outside the realm of off-the-shelf philosophy. 

'0 The precision rangiiig system approach requires the terminal facility to have 
at least three geometrically positioned transponder stations. These are at 
present located at no facilities to our knowledge. The cubic 100-4 is not 
presently in production. The positions of the airports across the CONUS, wdiieh 
can expect a shuttle visit are unknown at this time, so pricing the ground station 
costs would be indeterminate. At present the PKS is projected for spacecraft- 
type operation, requiring an antenna on top behind the cocK'pit area. Its use as 
a landing aid would require an additional antenna mounted on the bottom of the 
orb iter. This requirement, in addition to the added costs for redundancy and 
transponder stations, makes it an unattractive alternate. In addition, there 
has been no previous development on such a landing aid and it would therefore 
require extensive development (which violates the off-the-shelf principle). 

The microwave landing guidance system (MLGS) is the most attraotive alter - 
' native, but has the fundamental drawback of di.suse throughout the National 

Landing System. To be of use, numbers of ground stations would be necessary 
throughout the CONUS, at all selected sites for shuttle recovery. There is 
also no consensus on the FAA's part for a preferred MLGS. Studies are under 
way now on this and it is presently estimated that the MLGS will be operational 
within the next 10 years in the United States. 

A survey of existing and plamied landing guidance systems was completed at GELAC, 
in conjunction with RTCA SC-llV committee activities, and it points out that several 
development models for a microwave landing guidance system (MLGS) are available 
for use. These include the Honejovell STATE, LFE PAALS, Bell SPN-42, AIL AILS, 
AIL C-SCAN, and the AIL SHORSCAN systems. Any one of these systems is capable of 
multipath guidance; however, none have been throughly tested against the requirement ' 
for the microwave landing guidance system (MLGS) preferred by the RTCA. 
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In the absence of a readily available alternative, ILS receivers meeting the requirements 
of AHINC Charactez'istic 578 were chosen for the initial horizontal flight tests. To 
prove the high glideslope power-off autoland prior to F^F, inclusion of a development 
model MLGS at a selected ground facility, e,g. , Edwards AFB would be recommended, 
based on trade studj^ results evaluating several candidate systems against SC -117 committee 
requirements. .As soon as they become available, the production MLGS should be in- 
coriX)rated in the shuttle and at all prime and alternate ground facilities . 
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2.2. 1.3 Electrical Pov/er . The orbiter electi'ical power subsystem (EPS) consists 
of two elements: (1) power generation and (2) power distribution, including condi- 
tioning and control. Power is generated to provide vehicle average loads, peak loads, 
and the total mission eiierg^^ requirement, EPS design requirements and the approach 
to the phased development of the Mark I orbiter are described below. The groundrules 
for the EPS design are listed in Table 2,2-9. 


2 . 2 . 1. 3 . 1 Power R e quirements. Initial Ma.rk I shuttle test flights ^vill consist of 
horizontal atmospheric flights and subsequently lead to vertical flights into orbit. The 
horizontal flight avionics requirements are less than for orbital flight; hence only 
aircraft subsystems are planned for use in order to reduce annual costs. The aircraft 
EPS configuration selection depends on the spacecraft orbital requirements and the 
orbital EPS configuration. 


User power requirements are summarized in Pig. 2.2-20 for a. 7-day orbital mission 
and include a payload power requirement provided by NASA, for the LMSC Alternate 
Avionics System Study. While payload power requirements have not been well 
established, a design thcit anticipates the pajdoad power requirement is of interest. 

Tills requirement is defined as 3 kW average, 6 kW peak for periods of orbiter low 
power requirements and 500 W average, 800 W peakibr periods of orbiter high power 
requirements. The spikes in Fig, 2.2-20 indicate worst -on -worst additions of peak 
power requirements. 


Table 2,2-10 shows average power requirements of the major users for horizontal 
flight and orbital missions. Aircraft subsystems and airbreathing engine fuel booster 
pumps are major power users during atmospheric flight. Spaceex'aft subsj^stems and 
pumps for circulating- main roefet engine cryogenic propellants are major powex' users 
during launch and ascent phases of shuttle opei'ation. On orbit, spacecraft subsj^ stems 
and the payload are ‘the major power users. The lower portion of Table 2.2-10 shows 
total electrical energy required for thx'ee different missions. The 12 -hr and 7 -day 
missions include payload power requirements described above. 
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Table 2.2-9 

ELECTRICAL POWER SUBSYSTEM DESIGN GROUNDRULES 

o Emphasize low-cost minimum technology design 

o First horizontal flight may omit spacecraft equipment required only 
for orbital flight 

o FO/FS design not required 

o Make maximum use of existing spacecraft and aircraft equipment 

o Control environment of aircraft equipment that is used in the 
orbiter 

o Minimize extent of required equipment design modification or 
development 

o Select Mark I design for ease of gro\\d.h to Mark R design 

o Mark n development not to be over 50 percent more in cost than 
Mark I 



Fig, 2.2-20 User Electrical Power Requirement Summary ™ 040 A Orbiter 
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ELECTRICAL POWER BL’LSYSTEM REQUIREMENTS 




ORBITAL FLIGHT 

FOWEft USERS 

H0RI20M37.L 

FLIGHi 

LAC^H 

AN0 ascent 

ORBIT 

Of-ERATIONS 

APPROACH 
ANO LANDING 

AtRCUAFT SUDSV5TEMS , 

5 KW 



5 KW 

A&ES FUEL DCraSTER PUMPS 

fl trw 



0 KVV 

ROCKET ENGINE PSOPEUANT 
CIRCULATION FOLLOWING 
LOADING 


4.5 KiY 



SPACECRAFT SUBSYSTEMS 


4 KW 

4 KW 


PAYLOAD 



3 KW 



MISSION 

ENERGY 

3 HR 

HORIZONTAL f LIGHT 

42 

KW-HR 

• 12 HR 

ORDITAL PAYLOAD D^UNCH 


tew-HR 

7 DAY 

LOGISTICS 

1194 

KW-HR 


2.2. 1 , 0.2 Aircraft EPS . Figure 2.2-2T bHows the aircraLt EPS configuration for the 
first Mark I Orbiter horizontal flight» The power generation subsystem is composed of 
three 200/115 Vac spray oil-cooled generators , driven direotly by three auxiliary power 
units (APUs) which also drive hydraulic pumps for aero-control surface movements. 
Generator speed is maintained within pr;rcent of the nominal 12,000 rpm, and they 
are not operated in parallel. One generator will support the total load requirement, and 
switching to replace failed units is employed. Two 10 amp -hour NiCd batteries are • 
provided for emergency EPS control pov/(5r when generators are not running. 


The power distribution, conditioning, and control subsystem includes g’enerator control 
units that provide generator protection, contTol, and voltage regulation. Tlmee -phase , 
foiu’-wire ac power is supplied to the ac i'nn(3rator distribution unit, which distributes 
power to the airbreathing engine fuel booster pumps and three transformer -rectifier 
(TR) units rated at 200 amps each. The i'R units supply 28 Vdc power to the main dc 
distribution unit which, in turn, distril)nion power to the pov/er distribution units 
throughout the vehicle. One TR unit can !'iif»port the vehicle load. Four static tlu’ee-pliase 


;mL4G 


LOCKHEED MiSSItJ *. 0: SPACE COMPANY 




LMSC-A995931 

voi n, pt 4 



Fig. 2.2-21 Electrical Power Subsj^stem Schematic — Aircraft 


115 Vac, inverters supply centralized conditioned ac power to the Inverter ac distri- 
bution unit for avionics users. The units do not operate in parallel, and one unit in 
each set of two is required to support the load. 

^ 4 

Distribution units for dc , inverter ac and generator ac power contain contactors and 
circuit breakers that are controlled by hardwires and used to connect power sources 
and conditioning equipment to buses and to protect buses from distribution system and 
user faults. Reverse current relays are contained in these units to protect fuel cells 
and transformer rectifiers. Sensing devices are also located in the distribution units 
to automatically switch defective equipment off buses and place backup equipment on 
buses . 

Two redundant buses each are used for dc distribution, inverter ac distribution, and 
generator ac distribution systems. Subsystem Interface Unit (SIU) interfaces indicated 
in Fig. 2.2-21 will be located in one SIU fox-ward and one SIU aft to handle combined 
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power genei'ation and power distribution, conditioning, and control subsystems. Since 
the EPS functions are safetj' critical, most of the controls and instrumentation will be 
hardwired to the crew stations for manual override of automatic controls. The data . 
management subsystem will provide selected EPS sequencing and configuration changing 
functions, using EPS software inputs and the SIU interface with the EPS control com- 
ponents. Operational instrumentation will be used by the data mana.gement subsystem 
to provide redundancy management for selected EPS components. 


2.2. 1. 3. 3 Spacecraft EPS. The spacecraft EPS is designed to meet increased 
requirements of orbifol flight by the addition of equipment to the horizontal flight con- 
figmration. As shown in Fig. 2.2-22 , three cells with reactant tankage are 

added to the horizontal flight EPS configinration to provide a lightweight primary power 
source for the shuttle orbital mission. Tlrree fuel cells provide 28Vdc power to the 
orbiter from prior to liftoff to the completion of the landing phase. Each fuel cell is 
rated at 8 kW continuous power. A fuel cell can provide up to 100 -percent overload 
power for short periods and, thus, fuel cell fail operational/fail safe capability is . 
provided. The cr 3 -ogenic tankage provides supercritical storage of the tfo and 
reactants in a dual set of tanlcs tliat will provide fail safe capability for the 7 -day shuttle 



Fig . 2.2-22 Fi rs t Ve rti ca 1 Fl ight E PS — M ark I Orb ite r 
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The high average power requirements shown in Fig. 2.2-20 at the beginning and end 
of the orbital mission were previously identified with: (1) main rocket engine 
propellant circulation (four J-2S propellant loading to orbiter 

ignition, and (2) airbreathing engine fuel booster pump operation during orbiter 
landing operation. Rather than sizing the fuel cells for these high average requirements, 
the ac generators on the Auxiliary Power Units (APUs) are used to supply these loads. 
The APUs are operated during the short booster phase to assure readiness for orbiter 
rocket engine gimballing. The APU operation during approach and landing is similar 
to that for the horizontal flight test program. 

Transformer -Rectifier (TR) units used in the aircraft EPS are not used in the orbital 
missions, but remain in the spacecraft EPS for ferry missions. The orbiter ferry 
mission is accomplished by using the main dc distribution system to provide power to 
much of the same equipment used in entry and landing phases of the orbital mission. 

To conserve the available operating life of the fuel cells, the ac generators on the APUs 
are used to supply energy to the TRs which convert ac to dc and supply the main dc 
power distribution system. The APUs are running daring the ferry mission to provide 
hydraulic pov^^er and to drive the ac generator for jet engine fuel booster pump operation. 

Use of inverters , power distribution units , and buses is the same as in the aircraft 
EPS. The interfaces with hardwired displays and controls and with the data mariage- 
ment subsystem are increased to include the fuel cells and cryogenic storage system. 

2.2. 1.3.4 EPS Equipment Selections. Alternate approaches and rationale for 
selection of major EPS equipment are summarized in Table 2.2-11. 

Fuel Cell . A new design fuel cell was selected over the startup of the 1.4 kW Apollo 
fuel cell module program. At^isimilar cost between the two candidates, a new low cost- 
minimum technology 2000-hr-life , 8-kW fuel cell module can be developed. The fuel 
cell characteristics are shown in Table 2,2-12. 
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Table 2.2-11 

EPS EQUIPMENT ALTERNATE APPROACHES AND SELECTION 


CANDIDATIS RATIONALE 


APOLLO FUEL CELLS 
IlNEW DESIGN FUEL CELLS 

.■■■ii, ■ ,1 , — ‘ 

COST OF PROGRAM TO START UP APOLLO 
SIMIUR TO DEVELOPMENT OF LARGER MODULE 
DESIGN 

! APOLLO REACTANT TANKS 

COST OF INDIVIDUAL TANKS SIMILAR BUT FEWER 
OF THE LARGER AAP DESIGN ARE REQUIRED 

UaP REACTAm^ 

i 400 Hz STATIC INVERTERS, 1 15 VAC 

! 

3^ POWER DESIRED FOR LIGHTER MOTORS AND 
EXISTING CRYOGEN STORAGE SYSTEMS. LARGE 
VA fAODUUE DESIRED, PARTI CUURLY WITH NO 
PARALLEL OPERATION CAPABILirU SPACE- 
QUALIFIED FOR APOLLO 

3<P APOLLO ~ 1250 VA 

3(A PERSHING - 500 VA 

\<p L-lOn - 750 VA 

TRANSFORMER'RECTIRERS 128V) 

LARGE NO. OF AIRCRAFT AIR -COOIID DESIGN 

LOW WEIGHT ns LB) AND BUILT TO MILITARY 
SPECIFICATIONS 

200-AMP P3C DESIGN 

OIL-COOLED BRUSHLESS AC GENERATORS 

MODIFIED S-3A - 40 KVA 

4QN 60F - 75 KVA <S-3A) 

288-^2-2 - 60 KVA (FH4I 

20 KVA MODULE SI 2 DESIRED 


Table 2.2-12 

FUEL CELL SYSTEM CHARACTERISTICS 


i! 

K r>r'Cription 

Data 

^ Type 

Capillar^^ matrix, modified Bacon cell 

: Design Life (hr) 

2000 

1 Continuous Power Rating (IcW) 

8 

j Voltage at 8 kW (Vdc) 

30 

j Reactants ^ 

Oxygen and hydrogen 

Number of Cell Sections 

32 

Cooling Mode 

.Fuel cell liquid loop and HX in vehicle 
liquid loop 

Operating Pressure (psla) 

60 

Operating Temperature (^F) 

160 to 200 

1 Dimensions (in.) 

15 X 15 X 36 (4.7 ft^) 

I Voltage Regulation (2 to 14 kW) 

± 12 percent 

I Module Weight (lb) 

1 - -J 

320 
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Cryogenic Reactant Storage, Apollo Applications Program (AAP) reactant tanks were 
selected over the Apollo tanks for their larger capacity (55 lb Hg vs 28 lb and 456 lb 
vs 320 lb) ajnd the fewer required tanks to provide desired capacity. The status of 
the discontinued AAP tank program and costs to provide a minimum technology design 
are still being reviewed with the vendor to support tliis selection or indicate another 
choice. The reactant storage system is described in Table 2. 2 “13, 

Static Inverter . The Apollo three-phase inverter was selected for conditioned 400 Hz, 
115 Vac power because of its large module power, 1250 Vac. The three-phase power 
is desired to be compatible with light three-phase motors for the cryogen storage and 
the fuel module systems. Separate single-phase and three-phase inverter equipment is 
not desirajble from a shuttle simplicity standpoint. Thi'ee-phase inverter operation in 
parallel is not possible with existiig equipment, so that a given inverter ac bus can only 
be powered by one inverter at a time; this results in a large module size requirement 
with the present using equipment selections. The Apollo inverter has cold plate cooling 
and has been qualified for space. The inverter ac power requirement to be provided is 
shown in Fig. 2.2-23. 


Table 2.2-13 

FUEL CELL REACTANT STORAGE DATA - TWO TANK SETS 


Spectflc Reactant Consumption (SRC) (IbAW-hr) 
for ECLS (ib) 

Fuel Cell Energy Required (7 -Day Mission With Payload) (kW-hr) 
H 2 Required for Power (lb) 

©2 Required for Power + ECLS (64 lb) (lb) 

Additional H 2 Required for Fail Safe* (lb) 

Additional Og Required for Fail Safe (Ib) 

Available H 2 Required in One Tank (lb) 

Available Og Required in One Tank (lb) 

II 2 Available in 39 in. O.D. Tank (lb) 

O 2 Available in 33 in. O.D. Tank (lb) 

Allowed Paj'load Operation Time at 3 k\V .Average Power With 
Selected Tanks (hr) 

Fuel Cell Energy Prlfe^ided (ltW~hr) 

V/eight of ll 2 l> 0 '*ded, Total (lb> 

Weight of Loaded, Total (lb) 

Weight of Tajiks (Empty) (2 each) 

Weight of O 2 Tanks (Empty) (2 each) 


0.&5 
64 
1131 
112.0 
959. C 
7.0 

59.4 

59.5 
509.5 

53.5 
468 

120 

1062 

111 

936 

298 

406 


^12 hr It! orbit plus deorbit and landing 
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Fig. 2.2-23 User Inverter AC Requirements - 040 A Orb iter 

Transformer -Rec t ifiers . A large number of TR unit designs exist for air-cooled , 
aircraft operation. The P3C 2 00 -amp unit was selected because it has low weight 
(18 lb), has its own fan, and is built to military specifications. The TH units can be 
operated in parallel. These units require installation in an earth atmosphex'e environ- 
ment in the orb iter. The characteristics of this unit are shown in Table 2.2-14. 

AC Generators. A 40 Jwa spray oil-cooled bimshless generator was selected to provide 
environment free operation at as close as possible to the desired 20 kva module size. 
This unit has not yet been flovni, but six units have been built and tested by the vendor. 
The design is based on the 60/75 lam S-3A unit. The generator requires the AFU gear 
box to provide the drive -end bearing and cooling oil. 


Generator Control Unit GCU . Several aircraft generator control units are available 
for use with the orbiter. The design used in the S~3A was selected for compatibiliiv 
with the selected ac generator. It is powered by the dc bus. One GCU is used with c.;fcb 
generator. The GCUs require installation in an. earth atmosphere environment in the 
orbiter. 
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Table 2.2-14 

TRANSFORMER-RECTIFIER CHARACTERISTICS 


Manufacturer 
Model No . 

Input - ac 

Voltage 

Current — Full Ix>ad 
Frequency 
Phase 
Output — dc 

Voltage — Nominal 
Cvirrent 
Ripple 
Overload 
Efficiency 
Power Factor 
Cooling 
Size 
Weight 

Tracsforiner . Primary 
Transformer, Secondary 
Rectifiers 


Wagner Electric Co. 
28VS200Y 

195 to 2 10 Vac 

17 amp 

380 to 420 Uz 
3-phase , 4 -wire 

28 Volts 
200 amp 

1. D percent RMS 

250 percent for 1 minute 

85 fKrrccnt mini mum 

,95 percent 

Integra! fan 

11 in. X 6 in. x 7 in. 

18 lb 
Wye 

Delta -wye 
Silicon diode 


Power Cabling . Aluminum cabling will be used between the fuel cells and the main dc 
power distribution unit and between the dc ground po\yer receptacle and the main dc 
power distribution unit. Round wire copper cabling with Kapton insulation will be used 
elsewhere for power distribution. 

Power -Switching. Circuit breakers and switches will be located in the cabin atmosphere 
to control most of the power to individual users. Hermetically sealed contactors will be 
used to switch major EPS components on and off line. Remote controlled circuit breakers 
are proposed for dc and generator ac bus protection in the aft portion of the orbiter. 
Environmental design problemS^Temain to be solved for conventional circuit -breakers; 
solid state devices will be used where possible. 

2 . 2, 1 . 3 . 5 Electi-ical Power System Redmidancy . The level of redundancy propo sed 
for the Mark I orbiter is shown in Table 2.2-15. The fuel cells , ac generators, generator 
control units, and transformer -rectifiers provide fail operational/fail safe capability. 

The cryogem.e tanks, static inverters, and distribution buses provide fail safe capability ordy 
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Table 2.2-15 

ELECTRICAL POWER SUBSYSTEM REDUNDANCY 


• - HIM 

NO. REQ'D 
FAIL SAFE 

NO. 

SELECTED 

RAT la'^ ALE 

FUEL CELLS (8 KW) | 

2 

1 

3 

LOWEST RELIABILITY UNIT IN EPS 
AND HIGHEST RISK OF CURTAILED 
MISSION -LIMITED DATA 

0^ REACTAh^TTANK 

2 

2 

HIGH RELIABILITY -EACH TANK 
has FAIl-SAFC RESERVE LOADED - 

H 2 REACTANT TANK 

2 

2 

TANKS ARE EXPENSIVE 

STATiC INVERTERS 
(CENTRAL) - ISOVA 

4 

4 

! FAIL-SAFE - ACCEPTABLE WITH 
1 LIMITED AVAlLABLf INVERTER 
MODULE SIZES 

AC GENERATORS AND 
GCUs - 40 KVA 

t 

3 

3 APIIS AVAILABLE - COST FOR 
FO.^S NOT SIGNIFICANT 

t 

TRANSFORMER RECTIFIERS 
(200 AMPSHHOR f ZONTAL TIST 
AND FERRY FLIGHT DiMLY) 

2 

3 

FO/FS SOURCE OF DC POWER 
POWER DESIRABLE 

AC AND DC BUSES 

i 2 

lJ 

2 

1 TWO BUSES PROVIDE HIGH 
1 RELIABIU1Y 


CD5710 

Cryogenic Tanks . Sufficient reserve reactants are loaded in each and tank 
to provide sufficient energy for crew safety, should one tanl^ fail. The high reliability 
of the tank systems plus the high cost of these systems justifies the fail safe design 
rather than FO/FS. 


Static Inverters . Four static three-phase inverters are used because available 
module sizes are smaller than desired for the inverter ac power requirements. Since 
available tliree -phase inverters cannot be operated in parallel, the load is divided 
between two sets of buses. Each set is supplied by one of two inverters. If one 
inverter in a set fails the other inverter is placed in operation to provide fail safe 
capability. This mode of operation was selected over increased weight and cost of six 
units for FO/.FS design. 


2.2-54 


LOCKHEED MISSILES a SPACE COMPANY 


























LMSC -A995931 
Vol n, Pt 4 


Power Distribution Buses . Two I'ediindant buses each are provided for dc, inverter 
ac, and generator ac distribution for fail safe operation, due to the high reliability 
of the buses and the high weight of bus systems. 

The location and number of the major EPS components in the Mark I orbiter are shown 
in Fig. 2.2-24. The ac generators are located on the APUs. The APUs are located 
aft in the orbiter to be near the hydraulic power users. The aircraft type generator 
control units (GCU) are located in the forward controlled environment area as are the 
aircraft tj^pe ti'ansformer -rectifiers. The GCUs are low-power solid-state devices 
and require little cooling. The transformer -rectifier units will require significant 
ail’ cooling in horizontal flight. The five dc distribution units are located to serve 
centers of significant power use. The physically separated dc buses are routed to 
serve each dc distribution center. 

The electrical power system weights are summarized in Table 2.2-16. 



Fig, 2.2-24 Electric Power Generation and Pisti’ibution Configuration ~ 
040 A Orbiter 
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Table 2.2-16 


MARK I ORBITER AVIONICS WEIGHTS SUMMARY 


Subsystem 


Guidance j Navigation 
and Controls 

Communication and 
Navigation Aids 

Electrical Power Generation 5 
Control and Distribution 

Displays and Controls 

Data Management 

Instrumentation 

Sub -Total 

Installation (10^) 

TOTAL 


FI-IF Wt. (lb) 

1 . 

FW Man Wt ( lb) 

FVF Unman Wt (lb) 

Operational 
Wt (lb) 

1119 

2018 

2018 

2275 

316 

^36 

436 

531 

2332 

3696 

3696 

3696 

' 751 

1049 

1049 

717 

555 

665 

665 

665 

1*93 

66 k 

693 

376 

5566 

8528 

852S 

8260 

556 

853 

J21 

826 

6122 

9301 1 

9381 

9086 
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2.2. 1.4 Controls and Displays . The objective of the control and display (C&D) 
system is to significantly reduce pilot worldoads, as shown by Figs. 2.2-25 and 2.2-26. 
Three alternate concepts were developed (Table 2.2-17); the baseline concept 
(Alternate C) is described in this paragraph. This selected baseline system offers 
a Space Shuttle configuration that is flyable by a two -man crew in the operational 
phase and one-man emergency modes. Also, the configuration permits measurable 
reduction of the total instrument panel area and eliminates the requirement for a 
third crewman. 

The other two alternatives (A and B) are discussed briefly in followng paragraphs 
and are presented in more detail in Part D, AppendLxes 2 and 3. Each alteiaiative 
was evaluated against the basic data management system, flight dock volume, crew 
size and complement, degree of onboard autonomy, inflight checkout, redundancy, 
power, ground support requirements, operability, and developmental requirements. 
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Fig. 2,2-25 Control anci Display Functional Approach 
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Fig. 2.2-26 Considerations for Pilot Workload Reduction 

Table 2.2-17 

CANDIDATE CONTROL AND DISPLAY AVIONIC CONCEPTS 


ALTERNATE C 


ALTERNATE A 


ALTERNATE 0 


BASELINE - FROGRAMVwABLE CONTROL AND DISPLAY STATIONS 

G AIRCRAET/SPAC£CP>ArT OFF-SHELf INSTRUMENTS 
o ADVANCED AIRCRAFT AND SPACECRAFT TYPE INSTRUMENTS 
o INCREASED DATA PUS AND COMPUTER CAPABILITY 
G CATHODE RAY TUBE RANDOM ACCESS DATA 
t> AMALGAfAATfD CONTROL AND DISPLAY CONFIGURATION 
O DEDICATED CONTROL AND DISPLAY MANUAL MODE BACKUP 

SEPARATE AIRCRAFT AND SPACECRAFT CONTROL AND DISPLAY STATIONS 
o separate STATIONS 
o SAME STATION - SEPARATE PANELS 
O SAME STATION - SEPARATE SUBPANELS 
o AIRCRAFT/SPACECRAFT OFF-SHELF INSTRUMENTS 
o NO DATA BUS, MINIMUM COMPUTER CAPABIUTY 
o DEDICATED CONTROLS AND DISPLAYS 

COMBINED AIRCRAFT AND SPACECRAFT CONTROL AND DISPLAY STATIONS 

OF AIRCRAFT AND SPACECRAFT CONTPsOLS AND DISPLAYS 
In STATION 

o AIRCRAFT/SPACECRAFT OFF-SHELF INSTRUMENTS 
o SOME DATA BUS AND COMPUTER CAPABIUTY 
o DEDICATED CONTROl/DISPlAY KVLNLIAL MODE BACKUP 
O SOME DUAL MODE INSTRUFAENT USAG VCAPABIUTY 
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2.2. 1.4. 1 Rejected Alternate Concepts. The Alternate A concept for separate aircraft 
and spacecraft C&D stations employs (1) off" the -shelf large airex’ aft and (2) Apollo 
LM./CM C&D instruments (Fig. 2.2-27) in a dedicated system approach without 
programmable display capabilities. This requires increased C&D instruments and 
associated greater panel area and results in the highest amount of pilot workload of 
the tliree alternates considered. 


The combined aircraft/spacecraft C&D station approach (Alternate B) is similar to 
the Alternate A concept but includes a malfunction, detection, analysis, and recording 
(MADAR) onboard checkout capability, as on the C~5A aircraft, with dedicated controls 
and displays (Fig. 2.2-28). All critical components are duplicated and hardwii'ed; 
a mixture of off-the-shelf aircraft and spacecraft instruments are used for the C&D 
panel. This approach significantly reduces (over Alternate A) the quantity of dedicated 
caution and warning indicators needed for pilotage, panel area requirements, and the 
pilot worldoad level, but is still less desirable than the Alternate C approach selected 
as baseline. 
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Fig. 2.2-27 Alternate A --Separated Control and Display Approach 
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Fig. 2.2-28 Alternate B — Combined Control and Display Approach 


2.2. 1.4.2 Baseline (Alternate C) Approach. The selected baseline concept provides 
programmable controls and displays (Fig. 2,2-29) and the increased flexibility for 
instrument use. Panel area is considerably less than for the other two concepts, and 
the third crew member (System Flight Test Engineer) is not required for flight opera- 
tions. Also, the panel area and crew -size reduction reduces the total dedicated volume 
and number of panels within the flight-deck area. The baseline configuration features, 
X'esulting in selection over the other two candidates, include the following; 

© Flown by a two -man crev/ in the operations phase; one-man in emergency 
modes 

o Measurably reduced total instrument panel area and requirement for a 
third crewman 

o Decreased C&D instrument weight 

€> Permitted onboai’d checkout, fault isolation, and redundancy management 
(CO FIRM) 
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Fig. 2.2-29 Programmable Control and Display Approach 


0 Simplified integration with the basic S-3A data management system 

o Achieved an FO-FS redundancy for crew safety 

© Permitted excellent utilization of computer capability for C&D programmable 
functions 

Q Utilized nearly all instruments as totally off-shelf items 

0 Provided extensive inflight and growth flexibility for "softly” defined 
missions 

o Had compatibility with data obtained in NASA- sponsored Space Sliuttle simulation 
programs at LMSC 


The baseline concept, on the basis of using off-the-shelf S-3A aircraft data manage- 
ment system hardware , is considered to have minimal risic; particularly since all 
but two major C&D instruments are flight -proven. Spacecraft instruments from the 
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Apollo LM/CM can be employed and also are flight -proven. Aircraft instruments are 
readily available from the L-lOll, S-3A, C-5A, YF-12, and other existing military 
and commercial systems. 

Cathode ray tubes (CRTs), which are fully operational on the S-3A, employ alpha- 
numeric, pictorial, diagram, chart, map, procedural, real-world image, etc. 
to communicate data to the pilot. The flight management CRT data are used for the 
first time as a real inflight information tool. These data will be available four years 
ahead of the first orbiter horizontal flight test date. Data entry keyboards (e.g. , 
Apollo, C-5A, and S-3A) provide a common inflight device with extensive software 
programs and routines. Thus, with ground test, inflight test, and operation flight 
experience gained in previous developments, the level of confidence and availability 
of these instruments can be assured and C&D subsystem equipment requirements can 
be met totally within the state-of-the-art. 
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2. 2. 1.4. 3 Requirements for the Control and Display Subsystem ~ Mark I . The C&D 
development approach necessitates generation of basic subsystem drivers- and 
requirements. Table 2.2*18 presents the initial Mark I Orbiter C&D subsystem 
drivers; of these, omy flight-crew ejection for the test/verification flights remain 
"soft” because of the lack of specifications in the test program. (Note - if intact 
abort is imposed on the test/operations program, crew ejection will not be required.) 
Additional Mark I requirements are listed in Table 2.2-19. 


The basic Mark I C&D subsystem with subsequent growth to Mark II will be piiotable 
by a two-maji flight crew during all flight regimes and flyable by one crewman under 
emergency conditions. For this subsystem, the basic underling requirement is 
the development of an approach and ultimately the hardware to permit sufficient 
capability and redundancy for providing safe crew return and general mission success. 
Additional requirements for Mark II are presented in subsequent paragraphs. 


Table 2.2-18 

MARK I AVIONIC CONTROL AND DISPLAY SUBSYSTEM 
DEVELOPMENT D HI V E R S 


1. FLYABL£ FROM EITHER SCAT 

2. MISSION CRITICAL C&D HARDWIRED 

3. NOPILOT/COPIlOTTRANSl^TION IN: 

ATMOSPHERE EXO -ATMOSPHERE 

e TAKE-OFF o FINAL COUNT -DOWN 

0 FINAL APPROACH o LAUNCH AND ORBIT INSERTION 

0 LANDING 0 TERMINAL RENDEZVOUS AND DOCKING 

0 ROLL-OUT 0 RE-ENTRY 

4. DUPLICATE MISSION CRITICAL C&D INSTRUMENTS 

5. CONFIGURATION GROWTH POTENTIAL TO BLOCK 11 AVIONICS 

6. MODULAR DESIGN 

7. INITIAL REQT -ATMOS PROVIS ION FOR SPACE C&D 

8. OUT-THE -WINDOW VISION REQUIRED (ATMOSI; DESIRED <EXO-ATMOS) 

9. FLIGHT CREW EJECTION (HORZ & VERTI CAL TEST) 

10. USE OF (JF -SHELF C&D INSTRUMENTS 

11. CREWMAN SI RAPPED IN SEAT; HIGH G LOADS PROHIBIT EXTENSIVE 
AC CUR AH' ARM /HAND MOVEMENT 

005587 


FLT TEST OPS 
X X 

X X 

X X 


X X 

X 

X X 

X 

X X 

X 

X X 

X X 
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- ■ - Table 2.2-19 

MARK I CONTROL AND DISPLAY REQUIREMENTS 

1. Flight Control 

© Manual override of ail flight critical functions (crew safety) and modes 
o Automated functions to the degree required to meet safety, performance 
accuracies, energy management economy, I'eaetion time, etc, 
o Selected automatic or manual control by flight crew for nominal or non-nominal 
flight modes or contingencies 

o Ability of shifting flight control authority from flight deck to other stations for 
on-orbit operations (e, g. , docking or pajdoad handling) 
o Selected manual or automatic functioning of MAINS, OMS, RCS, APU, AND ABES 

by crew 

o Selected manual or automatic vehicle configuration control by crew 
o Selected autopilot/land flight mode and regain of manual control at any 
time by crew 

2 . Flight Data Presentatio n 

© Flight management information automatically programmed by mission regime 
o Anomalies automatically called to the crew’s attention on C&W indicators and, 
then, more definitive data presented selectively elsewhere 
o Data not mission-regime specific not presented but capable of being requested 
by the crew 

o Routine and recurring data not mission-critical/specific located out of the 
critical visual cone or provided in form for callup 
o All major subsystems (10 to 12) with dedicated ammnciatoi's for C&W 
© Mission-critical display d^a presentable in summary form on other 
than dedicated displays 

o Critical flight information always v/ithin the easy scan and forward- 
viewing visual envelope of the pilot/copilot 
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Table 2.2-19 (ContM) 

3, Operations Control 

o Vehicle configuration control manual backup provided the crew 
o Manual control to all crew and flight safety functions provided 
o Noncritical repetitive tasks, resulting in crew functional constraints, 
automated with consideration for keyboard oveiride to degree required 
o Anj^ vehicle function to the subsystem level ena):)led or inhibited by flight crew 
o Normal subsystem functions need not be continuously controlled by the crew 
o Flight control during on-orbit operations, relative to rendezvous /docking 

and payload functions, may be remoted depending on vehicle configuration/layout 
0 Critical function safety interlock provided to prevent accidental operation 

4. Crew Caution and Warning 

o Malfunctions, deviations, or out-of- tolerance conditions automatically displayed 
to tlie crew, thus eliminating crew dedicated/repetitious checkout tasks 
© Major subsystem status available to the crew for both inflight and ground operations 
o Limited but critical booster status (and vice-versa) presented to the orbiter 
crew from crew boarding thi’ough launch and staging 
o All major subsystem malfunctions, deviations, or out- of- tolerance conditions 
presented to crew (those influencing crew safety or mission success) 

© Supplementary diagnostic data and control capability to isolate the problem, 

ascertain its nature and impact, and effect appropriate action provided by the crew 
o Data provided permitting the crew to compare current parameters with discrete 
range limits for purposes of go versus no-go decision making 
Q Initial presentation of major subsystem malfimction(s) or out- of- tolerance 
condition(s) provided for in the direct forward instrument view of the crew 
© Major system status provided through dedicated C&W annunciators, located 
just off-center of the main center-line of the pilot's head axis 
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2. 2. 1-4.4 Control and Display Concept Development - Mark I . 

Definition of Pilot Functions and Identification of Controls and Displays (C&PA - Co n - 
current with development of basic approaches (Concepts A, B, and C), significant 
effort was allocated to delineate gross pilot functions and relevant controls and 
displays. Table 2.2-20 is an example of data developed to specify gross functions for 
GN&C for space and atmospheric flight regimes. Also^ C&D applicable from the 
Apollo CM/Lhf are identified. Where instruments are unavailable from eitlier 

spacecraft/aircraft, an indication *’ new " is made to identify requirements from 
other inventories. Table 2.2-21 presents an example of gross spacecraft functions 
and the identification of related controls and displays from Gemini and Apollo CM/LM. 
This effort provides the "shopping list" for allocation of C&D made in the development 
of the data sheets represented in Table 2,2-19. 


The three alternate approaches are compared against off- shelf control and display 
instruments and candidate C&D mode identification and selection performed. 


Figures 2.2-30 and 2.2-31 present both C&D modes and the candidatt; instruments 


considered for each. All items indicated are either off- shelf or currently under 
development for viable NASA or military contracts. These lists provide the 
aggregate from which the LM3C control and display instrument baseline was selected. 


Additionally, the operational L-1011 autopilot/1 and C&D instrument panels are 
incorporated, thereby, maintaining the basic off- shelf approach. The only instruments 
that can be positively identified as needing fairly major modification are the following: 


o Attitude director indicator ~ modify for atmosphere and space use 

o Translation controller - modify to operate alternate engines 

o Attitude controller -modify by adding disable yaw switch 

o Aero-surface indicator —modify foi' elevon and rudder surfaces only 


Minor control and display modifications required are: (1) labels/legends, (2) scales, 

(3) lamp colors, and (4) mountmg mechanisms. 


From an examination of postulated mission requirements and by identification of gioss 
crew functions, candidate controls and displays, and mix of instruments, the evolution 
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Table 2,2-20 

SUBSYSTEM FUNCTIONS VS OFF-SHELF S/C & A/c INSTRUMENTS 



005RI4 


EXAMPLE 

Table 2.2-21 

ANALYSIS OF SPACECRAFT FUNCTIONS 
AND RELATED CONTROLS/DISPLAYS 
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CONTROL MODES 


FLIGHT CONTROL 



CONTROL TECHNIQUES 




AP /.^ i 


o LEFT HAND - 3 AXIS TRANS: FORE-AFT, UP-OOWN, lEFT-QT © 
o RIGHT HAND - 3 AXIS ROTAT: PITCH, ROLL, AND YAW a 
c CENTER AND LEFT CONSOLES - ABES CONTROL 



flying displays 


© FLIGHT DIRECTOR COMMANDS AND STEERING 
o VEHICLE FLIGHT SITUATION 
© ADVISORY REDLINES, LIMITS AND EVENTS 

SITUATION DISPLAYS 

o MISSION PROFILE, PROGRESS AND EVENTS 
o ENERGY MANAGEMENT 

STATUS dTsPLAY^ ] 

o SUBSYSTEEA OPERATION AND PERFORMANCE 
o Of^-aOARD C/O 
o ABORT STATUS 

VssTsT niSPUYS ; 

o DATA CALL-UP 
© PROCEDURE select 
o MISSION EVENT SEQUENCING 

CAUTION AND warning" 

o MASTER CAUTION AND WARnTnG 
o ABORT warning 
o major SYSTEAA STATUS 



Fig. 2.2-31 Display Mode Identification and Displaj^ Selection 
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Evolutionary Approach to Programmable Controls and Displays . Recognition 
of the need for reduced pilot woi'ldoad* lesser dedicated C&D panel area, and 
reduced flight-deck volume indicate the necessity to consider programmable 
controls and displays. Tlierefore, the approach conceived is for a C&D concept, 
which logically and systematically evolves from the purely dedicated (Alternate A) 
concept to the highly programmable baseline (Alternate C) concept. Figure 2,2-32 
illustrates the evolutionary process. Appropriate to this process is the question of 
"why the transition from hardwired (dedicated) to programmable C&D" - which 
question is addressed in Table 2. 2-22. Consideration is given then to programmable 
C&D and to development of a logic decision thread for their application in the basic 
subsystem — considermg such elements as (1) crew safety and mission success, (2) 
critical phases and events, (3) frequency and concurrency of use, (4) mission 
regime assignment, (5) decision rules, and (6) fail conditions and redundancy. 

Figtire 2.2-33 illustrates tills decision thread for the selected baseline in Mark I. 


BASIC USER INCREASED 

CAPABiLlTIES ORIENTATION CAPABILITIES 



D0561< 


Fig. 2.2-32 Evolution of Programmable Control/ Display Concept 
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Table 2.2-22 

DEDICATED VS PROGRAMMABLE CONTROLS AND DISPLAYS 

Q WHY TRANS III OM FROM HARDWIRED TO PROGRAMMABLE? 

DEDICATED 

A 1 . HIGH WEIGHT/POWER/PANEL SPACE REQUIREMENTS 

2. INFLEXI61E/N0T ADAPTABLE TO MISSION PHASE 

3. data NOTESSENTIAL TO MISSION PHASE-OVERLOADS CREW 

4. C/D EXTEND BEYOND PRIMARY V! SUAL/MANUAL ENVELOPE 

5. 3RD CREWMAN TO MANAGE SUBSYSTEMS 

6. MAINTENANCE/REPAlR/LOGiSTICS MORE COMPLEX 

PROGRA/VIMABLE 

A 1. FLEXiBlE/ESSENTIAL DISPLAYS ALWAYS IN PRIME SPACE 

2. LESS PANEL SPACE/LOWER POWER AND WEIGHT 

3. BETTER ALLOCATION OF WORKLOAD/REOUCTION IN CREW SIZE 

4. GREATER GROVrfTH POTENTIAL 

DOBflflA 



Fig. 2.2-33 Dedicated Vs Programmable Control/Displa}^ Decision Tlii'ead 
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and decision logic tliread are traced through to a programmable concept, with sufficient 
redundancy to provide the level identified for crew safety. This logic thread is illus- 
trated in Fig. 2.2-34. From this effort, dedicated versus fjrogrammable C&D decision 
rules are generated as basic to the development of the control and display subsystem 
(Table 2.2-23). 

Control and Display Baseline Description. A pictorial diagram of the baseline 
(Alternate C) is presented in Fig. 2.2-35. Obviously, not all C&D are discretely 
identified, although major categories are included. The key to the C&D subsystem is 
the utilization of the ”off-shelf ' S-3A basic data management system and its inherently 
flexible potential (para. 2. 1.5). Shown in Fig. 2.2-35 is the hardwire and program- 
mable interface for C&D. All flight -critical (crew safety and mission success) controls 
and displays are hardwired and, as shown in Fig. 2.2-36 (main instrument panel), 
certain of these are duplicated (one set at the pilot’s station and one set at the copilot’s 
station) for redundancy. Figure 2,2-37 illustrates the eyebrow/overhead panel located 
in the overhead between the crew. 

© Basic Fl i ght Control and Displays —Crew Safety and Mission Success . As the 
C&D subsystem definition developed, it was necessary to determine those 
instruments critical to crew safety and mission success and which need to be 
hardwired and duplicated. (See Table 2.2-24.) 

% 9 

° Multifunction Display Units (MDU). Key to the programmable information 
presentation approach is the incorporation of three multifunction display units 
(MDUs incorporating CRTs: one each for the pilot and copilot and one located 
between for common sharing. The pilot and copilot MDUs are mission-regime 
sequenced so that onl 3 ^ pertinent data for a particular mission phase are presented 
unless overriden bj^ the crew. 

Representative data presented o‘n the three MDUs is indicated in Table 2.2-25. Refor- 
mation can be switched to any unit. Typical tj'pc^s of data presented are; (1) pictorial 
or real image, (2) alphanumeric, (3) graphic, (4) tabular, (5) map, (6) procedural, 
(7) caution and warning, (8) schematic, and (9) symbology. Three modes for grouping 
data on the MDUs are selected as illustrated in Table 2.2-26. Mission-phase and single- 
purpose display format examples are presented in Figs. 2.2-38 and 2. 2 -39a andb. 
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Fig. 2.2-34 Evolution of Programmable Controls and Displays 


Table 2.2-23 

DEDICATED VS P1^0GRAM']VbVBLE CONTROL/DISPLAY DECISION RULES 


Fftioany 


DECISION RULE 

(C/D EXAMPLES IN PARENTHESES fl ELOW) D 

1. ULTIMA! t BACKUP C/D HARDWARE (LAST P.fOUMDANCY) 

FOR ESSENTIAL FUNCTIONS OF FLICHT CONTROL 
GAN, PROPULSION, EPS, COMM. (FDAI AU/VERT 
SPEED, AIR5P£ED/MACH/4»<, HSi) 

2. ULTIMATE BACKUP C/D HARDWARE FOR MISSION 
COMPLETION (RANGE/LOS/RANGE RATE, RADAR 
ALTIMETER, EM£R O2 FLOW, ETC.) 

3. CATASTROPHIC FAILURE, CRI f ICAL CONDITION, EMERGENCY 
DISPLAYS {ABORT, MASTER WARNING, CAUTION AND 
WARN I NG ANN U N I CATO RS) 

4. ANALOG/CONTINUOUSIY VARIABLE CONTROLS (ATTITUDE 
CONTROLLER, PHROTTLE CONTROLS, RUDDER BRAKE 
PEDALS, POIENliOMETERS, ETC.) 

5. MANUAL CONTROL FUNCTIONS RECjUiRING IMMEDIATE 
RESPONSE TO CORRECT CONDlIiCTN CTR AVERT HARDV/ARE 
OA/>^AG£./CREvV INJURY (ABES AND APU SHUTDOWN RCS 
QUAD DISABLE, EJECTICTN SEQ INITIATION) 

6. FUNCTIONAL (OR INTEGRAL) CONlftCJLS FOR DEDICATED 
DISPLAY'S (TEST, MODE SELECT, SCALE, PARAMETER ADJUST, 
COMwMAND SETTiJvG, ETC.) 

7. VEHICLE CONFIgO^ATION C/D (POSITION OF AERODYNAMIC 
control surface TRIM, SPEED BRAKES, DOORS OPEN, GEAR 
AND ABE DEPLOYED, ETC.) 

8. C/O PANELS FOR PACKAGED STATE-OF-THE-ART SUBSYSTEMS 
(MAOAR, TACAN, ATC transponder, UHF COAWUNiCATlONS 
ETC.) 

9. SINGLE MISSION P.HA5E OR CRITICAL ES^ENT MONITORING 
(BOOSTER ATTITUDE RATE AND PROPULSION ABNOWALTIES 
RE NO E Z VOUS/DOC KING) 

10. ROUTINE MONITORING & RECONFIGURATION OF SLIBSYSTEM 
(ECS, ELECT PWR D15T, PHOPELLANl/PRESS PARAMETERS 
CROSSFEED) 

!i. SIMULTANEOUS DISPUY OF INFORM. R£L. TO MISSION PHASE 

12. MALFUNCTION ISOLATION IN PARALLEL VHTH ON-BOARD C/O 


DECISION 

DEDICATED ! PROGRA/AMEO 
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Fig. 2,2-35 Control and Display Diagram 
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Fig, 2.2-36 Main Instrument Panel 
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1. ENGINE riftE CONTROL PANELS 

2. EC/LS GAS SUPPLY OVERRIDE VALVES 

3, ELECT. PWR GENERATION AND DI51 

4, Cl.rVON niSAPLE 
RUilif R OlsAni f 

6. SAS, nu n, AiS, and trim emer. controls 
/, ANIISI.ID CONIROLS 
e, SENSOR HEAT CONTROLS 

9. PFCS MOE'J., RUDDEPvAND ELEVON EMER. CONTROLS 

10. RUDDER LIMITER 

11. ENGINE START 

12. APU ENGINE CONTROLS 

13. CABIN LIGHTS 

14. MISSION TIMER 

15. EVENT TIMER 

16. EXTERIOR LIGHTS 

17. GRO-A^TH 

18. GKOV'/TH 

19. GROWTH 

20. GROWTH 


DO5907 


Fig. 2.2-.S7 Eyebrow/Overhead Panel 


Table 2.2-24 

BASIC DEDICATED FLIGHT CONTROLS AND DISPLAYS 


o FLIGHT ATTITUDE DIRECTOR INDICATOfl • 
o HORIZONTAL SITUATION INDICATOR 
o AIRSPEED (6LACH) AND METER 
o ALTITUDE, VERTICAL SPEED METER 
o PROPULSIOIVENGINES METERS 
o THROTTLES - QUADS 

o ATTITUDE AND TRANSLATION CONTROLLERS 
0 RUDDER PEDALS 
Q COMMUNICATION PANEL 
o INSTRUMENT LAMPS 
o EC/LS CONTROLS 
o ELECTRICAL POWER CONTROLS”' 

0 ANTISKID CONTROLS 
o VEHICLE CONFIGUaZiTION CONTROLS 


o FIRE CONTROL 
D ABORT CONTROl/LAMP 
o major SYSTEM annunciators 
o BOOSTER system STATUS ANNUNCIATORS 
0 AEROSUSFACE POSITION INDICATOR 
o RUDDER LIMITER 
o SPEED BRAKE 
o ELEVON CONTROLS 
o ABES CONTROLS 
o landing/emergency CONTROLS 
o ENGINE START - ABES AND APU 

o SAS, PITCH. AND TRIM EMERGENCY 
CONTROLS 

o mission and event TIMERS/CONTfiOLS 


noa428 


2.2-74 

LOCKHEED MISSJLES 8< SPACE COMPANY 







LMSC-A9fJ593l 
Vol n, Pt 4 


Table 2.2-25 

TYPICAL ALLOCATION OF PROGRAM DATA TO PILOTAGE CRT DISPLAYS 


PILOT CRT 


1 WaSStON PHA$£ DATA 

H PRtOICTED PEKfOWAANCt 
IMVELOPE5 

o rUGWT REGEMtS 

O COMPOSITE GAN StTUATlOW 
DISPLAY 

9 COMPOSITE CONFIOUaATlON 
DISPLAY 

2 CRITICAL EVENTS 

o HORIZONTAL PLIGHT 

/ TAKE-OFF (SPEEDS, CONFIG. 
PERfORM> 

✓ LANDING (SPEEDS, ALT, 
CONFIG, rates! 

^VERTICAL FLIGHT 

✓ LAUNCH (IGN, LIFTOFF, ht 
STAGE, SUP.N, DOOST) 

/ ASCENT (STAGE, IGN. FER7, 
TKAJ, SEP) 

y INSERT (TRAJ, PtKf, SYS 
TRANSITION 

✓ RENZ (TRAJ, PERF, SENSORS, 
htOOES) 

/ TERM R4D (ACQ, SENSORS, 
THAJ, AEODESJ 

✓ RETRO/OEORB {G&N, CON- 
FIG, THERMAL} 

«. ABORT 

y MJSSlOH PHASE 

✓ SPECIFIC FAILUSE 

✓ sequenced 

✓ ground/banoe safety 


CtNTW CUT 

COPILOT CRT 

1 SUSSYiTtM SFATU> 



1 AUSSION PHASE DATA 

e KIY SU3SVT:TFM PAHAMtltllS 
CYSUS8SYSIEM 


2 CfiinCAl EVENTS 

2 JUCSYSTtM COWFIGUKATION 
«« WHICH HABDWAF£ on UN£ 


3 WJSJKm FtANNING DATA 

0 WHICH OPFSAIING fclODES 
IN WSUHI-MOOl SUSiYSIfMi 


4 feaSSION PHASE CHECKUSH 

o RCAl-TIAtt RECONFIGLRAIION 
TAUC-CACK 



3 faCFMCHT CHECKOUT FEOCtOLfttS 


< fAMiUNCTlON ISOlATtON IN 
RtSFONSt TO CtW INDICATION 



3 P0TTTUGHTCH£CR0UT paociDusti 



CENTir 

-.^^^ItOT 


r> 


»r 



CRT DATA SWITCH INO 



POTENUAt 




DOC 244 


Table 2.2-26 

CRT DISPLAY PROGRAMMING APPROACH 


THREE MODES OF GROUPING DATA FOR CRT Di SPLAYS: 

L BY SUBSYSTEM 

0 GROUP AND DISPLAY S/S CONFIGURATION AND OPERATING PARAMETERS 
0 'WALKTHROUGH" THE S/S 

0 FOR S/S "MANAGEMENT, "HANDLING CONTINGENCIES, MALFUNCTION ISOLATION 
AND TROUBLE SHOOTING 

2. BY MISSION PHASE AND CRITICAL EVENT 

0 DISPLAY 'WHAT NEEDS TO BE USED" -SEVERAL DISPLAYS 

0 1 NTER- RELATE D1)ATA FROM VARIOUS SUBSYSTEMS SIMULTANEOUSLY 
Q "ALWAYS USED" DISPLAYS/COSiTROLS ALWAYS AVAILABLE “ HARDWIRED 

5. SINGLE-PURPOSE 

0 CWE TYPE OF DI SPLAY OR INSTRUMENT AT A TIME 
0 FLY -TO ENVELOPE OF COMMAND EXECUTION 
e CHECKLIST D BACKUP PROCEDURES 


D«3C&3 
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Fig. 2.2-38 CRT Programi:ii:-:ig By Mission Phase: Launch 
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Multifunction display unit information, is presented in consistent formats for either 
cre\\nnan and always in subsystem groups for clarity and ease of information scan 
and interpretation. Major system, subsystem, and "unique" data are available for 
call-up through the pilot or copilot kej^boards. Data switching among the three DMUs 
must be accomplished by manual override to eliminate inadvertant data loss. Infor- 
mation is called-up in transcending levels and, in general, the lower levels provide 
greater detail. 

Malfunction, out-of-tolerance, or anomalies can be presented on the MDUs and crew 
attention effected through flashing and increased brightness teclmiques. To aid the 
crewman, nominal values are presented in the ranges of acceptance to permit the crew 
to determine the extent of the problem . The center MDU is keyed to the caution and 
warning system for automatically presenting information relative to the malfunction 
being indicated on the caution and warning annunciators. In instances where more 
than one malfunction occurs, MDU area sharing is accomplished through the data 
management sj^stem (DMS). 

The off-sheif MDUs recommended for the baseline are S-3A units with the nomenclature 
of "Indicator, Tactical IP-1053/ASA-82". Specific performance data characteristics 
for the baseline MDU are presented in Table 2.2-27. Usable display area is 6 by 9 
Inches. The three MDUs are equipped with contrast and brightness controls and are 
designed to operate well within the expected Space Shuttle flight deck ambient environmeni 
(approximatel 5 ^ 4000 to 5000 ft candles). 

o Manu al Controls. Several types of manual controls were selected {see 
Fig. 2.2-30). Standard throttle quads are recommended and allocated to the 
pilot and copilot. For both p.Uot and copilot use , attitude controllers with yaw 
disable are planned for the righthand positions and translation controllers are 
planned for lefthand bb-sitions. Figure 2. 2-^:0 presents thrust/translation and 
attitude control for space and atmospheric flight regimes; the spacecraft con- 
trollers illustrated are typical of previous devices employed to perform these 
functions. Rudder pedals and attitude controllers appear applicable from existin; 
programs. How'ever, the translation controller for main and OMS engine control 
may require development, or at best, major modification from the current ApoU- 
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Table 2.2-27 

MULTIFUNCTION DISPLAY UNIT (MDU) PERFORMANCE CHARACTERISTICS 


Parameter 

MDU 

Parameter 

MDU 

Cathode Ray Tube:* 


Worst Case;** 


Shape 

Rectangailar 

Settle (within grid) 1 percent. 


Usable Rectangle, in. 

6 45 

-0.125 

X 

/usee 

0. 1 percent (one -grid 

6 


position) , /usee 

8 


n o +0. 00 

-0.125 

Linearity (geometry), % 

1.0 

Phosphor 

P-31 

Character Size (nom), in. 

1/8 high 

vSpotSize, mil 

9 

Aspect Ratio (nom) 

3/4 

Brightness, ft-L 

100 

Character Generation Time 


(Exclusive of filter) 


(max), in. /sec 

3.2 


. 

Writing Speed (max), in. /sec 

565,000 

Ambient, ft -candles 

5500 

Video Bandwidth (TDS 


Gray Tones 

8 

system), MHz 

DC to 37 

Deflection Random 
Positioning, bits 

10 (digital) 

■ - 1 

. 

■ 



*The CRT faceplate radius of curvature shall be greater than 24 in. 

** Deflections less than 0.5 in. shall take less than 3. 5 jusec, and deflections greater 
than 0.5 in, shall take a time proportional to distance (not to exceed 8 /isec). 


CM translation controller. A.mong the difficulties associated with the trans- 
lation controller are problems affecting (1) control of two dissimilar thrusting 
modes, (2) mode serlectlon, (3) mixer boxes, and (4) consideration of wire 
bac Imp -linkage coupling. 

^ Multifunction Keyboard. The basic DMS interface is thi’ough the multifunction 
kcyboai'd (MFK). Tv/o such keyboards are provided; one for the pilot and the 
other for the copilot. These MFKs are located directly in front of the crewmen 
to permit ease of operation and for clustering of important functions within the 
main instrument panel area. The keyboards arc utilized for the following 
typical tasks: 
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LM THRUST/TRANSLATION CONTftOlL£R 

UP: +X OR LONGITUO»NAL 

" TRANSLATION FWD 

-X OR longitudinal 

TRANSLATION 9ACKWARD 



GEMINt/LAVCM ATTITUDE CONTROLLER 



YAW 


RUDDER PEDALS 


.-O-, 

li, ;£l 

l3 


+Y 



SUPERSONIC 

regime to 


AXIS 

■ 

SPACE FLIGHT REGIME 



ATMOSPHERIC FLIGHT REGIME 

SPACE 

AXIS 

MAIN 

OM5 

RCS 

ABES 

AEROCONTROL SURFACES 

RCS 

+X 

✓ 

V 

v' 

V 

ELEVATORS 

BODY FUP (PITCH TRHA) 
HIGH LIFT DEVICES 

Y' 

PITCH UP 

~X 



V 

HYPERSONIC 

RCS 

RCS 


PITCH DN 

+ Y 



V 

ELEVATORS 

OR 

E LEVONS 

V 

ROLL L 

-Y 

" 


V 

RCS 

V 

ROLLR 

+2 



V 

RCS 

RUDDER 



V 

YAW L 

-2 



V 

RCS 

V 

YAWe 



^ ATTITUDE CONTROL 
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Fig. 2.2-40 Control Function Interaction By Mission Phase 
— Flight command entry 

“ Guidance and navigation computation and data entrj^ 

— Discrete event initiation 

— Initiate preflight and postflight vehicle checkout functions ~ automated 
” System and subsystem interrogation 
~ Callup and interrogate the CO FIRM program 
— Vehicle configuration control 
- Callup subsystem information 
— Callup nommal and emergency procedures 
~ Callup predictor display 

-- Subsystem configuration control and sequencing 
— Consumables management control and interrogation 
— Abort mission planniiTg 

Several types of keyboards have been examined and tradeoffs conducted. Table 2.2-28 
presents the basic requirements considered essential for the keyboard. 
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Table 2.2-28 

KEYBOARD REQUIREMENTS 


OFERATtONAL CONSIDERATiONS 

OPERABLE UNDER g LOADS 
MINIMJZED ATTENTION FOR ACTUATTON 
VERY FINE AND DISCRETE MOVEMENTS RSOIXEO 
RAPID DATA ENTRY 

MINIMUM ADDITIONAL SUPPORT EQUIPKSNT 

MINIMUM COMPLEXITY 

MINIMUM OPERATOR ERROR ENTRY POTENTIAL 

PILOT ACCEPTANCE 

INSTRIXTIONS A^NIMiZED 


D06429 . 


DATA management CONSIDERATIONS 

COMPUTER COMMUNICATION PERMIHEO 

REPROGRAMMABLE ONBOARD 

AVAILABLE SOFTWARE PROGRAMS 

ADAPTABLE TO VARIOUS FLIGHT REGIMES/MISSIOPK 

UTILIZATION CONSIDERATIONS 

VAaiETY OF USE fUXIEIUTY 
VOLUME 

ALPHA/NUMERIC CAPABILITY 
EASE Of USE IN PLANNED LOCATION 


Six basic types of keyboards were evaluated against the requirements noted in 
Table 2.2-28. Both the key -select matrix and page -Overlay keyboards met the require- 
ments. Major consideration is being'given to the use of the S-3A ”INCOS TACCO TRAY” 
keyboard, since it is functionally integrated with the S-3A DMS, and therefore, avail- 
able software is avionic applicable to the Space Shuttle. However, vehicle functions 
not specific to avionics also must be considered. Although out of the scope of this 
study, these nonavionics functions will have direct bearing on the keyboard functional 
and software requirements. Thus, in addition to the S-3A keyboard, a page -overlay 
l^eyboard is being considered an alternate for the Mark I Orbiter baseline. 

Other manual controls employed are toggles, rotary switch controls, pushbuttons, and 
special-purpose and shaped controls (speedbrakes, trim controls, fire pull handles, 
valves, etc.); these are all off-shelf items with no major modifications anticipated. 
Generally, these types of controls are provided to both pilot/ copilot in instances where 
sharing is not practical, when rapid and error -free actuation is necessary, or when 
"feecback feel” -is required. 
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o General Displays , Several types of displays, in addition to the MDUs, are 
incorporated. Caution and warning (C&W) annunciators are provided to alert 
the crew to all emergencies, malfunctions, and out -of -tolerance conditions that 
affect crew safety or mission success. The prime C&W annunciator is located 
directly above the basic instrument group (Fig. 2.2-36, Item 22) within the 
prime cone of vision envelope. This annunciator displays via message format 
the particular system that has malfunctioned, gone out-of-limits, etc. A basic 
matrix of annunciators broken down to subsystem level (Fig. 2.2-36, Item 42) 
illuminates further pinpointing of the problem. These annunciators are hard- 
wired for crew safety purposes. In response to the annunciator signal, the 
center MDU (CRT) presents further status information regarding the problem. 

At this point, the copilot will, in general, continue to interrogate the subsystem 
in question using the MFK (keyboard) and MDU to isolate the px’oblem and to 
determine the most effective resolution (assuming a nonautomated changeover 
to a redundant subsystem or equipment item). 

Other displays — such as digital readouts for time, annunciators of status, 
light-emitting diodes (LEDs) for quantitative readout, mechanical readouts 
(communication panel) , lamps (abort), and mechanical flags (Apollo-type) 
are required. Additionally, standard instrunaents - such as indicated in 
Table 2.2-24 and illustrated in tlie flight instrument cluster shown in 
Fig. 2.2-36 - complete the display complement. 

o Control and Display Test and Checkout. Utilization of the basic S-3A data 
management system and inherent BITE equj.pment and interface units permits 
continual test of the C&D instrumentation subsystem to the LRU level. In essence, 
the test capability is built into each major equipment item , and the DMS is 
constantly interrogating the equipment to determine health status. The status 
is not called to the attention of the crew unless a malfunction, anomaly, or 
out-of-tolerance condition is sensed. As discussed previously, C&W annun- 
ciators, subsystem status annunciators, and the MDU (CRT) are employed to 
facilitiate checkout for automatic or manual interrogation. This system is 
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basic to the S-3A and has proven to be a major enliancement to both flight-* 
and ground-crew personneL Furthermore, the technique lends itself specifically 
to the VAST type of ground checkout which has the potential for a significant 
reduction in GSE checkout equipment. 

G Control and Display Subsystem Maintainability. The basic flight-deck control 
and display subsystem has been designed from the outset (1) to facilitate 
maintenance, (2) permit instrument or component replacement, and (3) to 
ensure that subsystem integrity has not been compromised. Maintenance con- 
siderations include: 

(1) Access 

o Front access for all control and display instruments 
o Instruments all removable from the front 

o Track and rail installation for removal/replacement of ”heavy” 
instruments 

o Service loops to facilitate front removal/replacement 
o Lamps replaceable from the front 

(2) Design 

G Electrical disconnects at the panel 

o Panel -structure captive mounted instruments 

o Module, control, or display device removal/replacemeht 

o Service loops in reel -roll configuration 

o Groundline to assure crew safety 

o EMI protection 

o Modules are LRU configuration 

Vi. 

All instrument panels are designed with respect to consoles, seats, and associated 
equipment to permit adequate installation and removal/replacement volume, Instru- 
ments can be panel demated and removed without decoupling the comiectors to facilitate 
on-site servicing, inspection, and checkout. Also, instruments are provided with a 
second comiector interface (capped) for initial flight testing and subsequent ground 
checkout; this precludes the requirement to pull the unit simply to run service, 
continuity, or basic checkout while on the ground. 
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2.2. 1.4. 5 Baseline Rational — Controls and Displays — Mark I . Rationale for selection 
of the baseline C&D included several major considerations. These are delineated below: 

o Incorporation of the basic S-3A data management system and system interface 
utiits 

o Inclusion of S-3A and compatible L-lOil and C-5A control/display instruments 

o Incorporation of the S-3A ’’BITE*’ to reduce inflight or ground checkout man- 
hours and complexity 

o Inclusion of the L-1011 autopilot/land instruments and subsystems 

G Utilization of the off-sheif-developed basic flight displays for both atmospheric 
and exo atmospheric flight modes 

o Use of the basic flight displays for on-line operational and bacicup 
(dedicated) 

o Incorporation of multifunction display units (MDUs) with CRTs for program- 
mable data and for presenting only mission-regime specific information 

o Reduction of displays through use of the multifunction display units 

G Elimination of the Flight Systems Engineer through: 

a. Reducing checkout and test instrumentation and di .splays 

b. Presenting only mission-regime specific data to the pilot/copilot 

c. Reducing displays and, hence, scanning which reduces workload 

d. Introducing the autopilot/land subsystem which frees considerably the 
workload from the pilot/copilot, thus permitting monitoring of other 
subsystems with greater attention 

e. Incorporating the third MFD and allocating it primarily for subsystem 
status, sequencing display, and CO FIRM functions 

f. Locating flight management information on the MFD in front of the 
pilot/copilof' 

g. Dual use of several instruments, thus reducing panel area and 
providing additional space for displays/controls at the pilot/ 
copilot station panels 

h. Providing for computer-aided vehicle configuration, consumable con- 
servation, abort -mission planning, and vehicle sequencing 
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Q Duplication of basic flight display and control instruments at both the 
pilot/copilot panels to facilitate ease of takeover or flight control from 
one position in emergencies 


The basic S-3A DMS and associated SIUs currently incorporate programmable and 
displays controls including the use of tliree CRTs. Thus, the LMSC baseline takes 
advantage of existing and proven capability, thereby, nearly eliminating any risk 
factors associated with a programmable C&D approach. f\irthermore , considerable 
software applicable to flight displays currently exists and can be utilized. 

2 . 2 . 1 . 4 . 6 Panel Area, Crew Complement, and Control and Display Weight Factors . 

Panel Area Layout. Development of the basic main instrument panel layout is 
predicated on standard crew-function allocation factors and antliropometric consider- 
ations, Primary flight C&D are provided to both the pilot and copilot (1) to facilitate 
flying the vehicle from either seat position and (2) to provide redundancy of C&D con- 
sidered critical to crew safety and mission success. The selected C&D layout grouping 
groimdrules are pictorially presented in Fig. 2.2-41. This arrangement is traditional 
and presents no violation of accepted practices. Control and display layout within this 
grouping is achieved as per Fig. 2.2-36. 

Crew Complement and Location. Pilot and copilot locations are shown in Fig. 2.2-42, 
Also included are system/payload and tele-operator work stations. During the initial 
horizontal aiid vertical test flights, it is strongly recommended that a third crewman 
and work station be provided; this position will greatly off-load typical test and check- 
out functions from the pilot and copilot, thus measurably reducing workload. Upon 
completion of the test flights, this "Flight Systems Test Engineer" station is recon- 
figured into the payload monitduang and checkout work station. Thus, no scar penalty 
is recogiaized in growth from the test vehicle to the operational vehicle. 

The tele -operator work station is provided for payload manipulation and satellite de- 
ployment or capture; remote manipulator C&D is required at this station to facilitate 
these functions. Additionally, it is strongly recommended that attitude and translation 
controls as well as range, range rate, etc. , displays be incorporated at this station 
to facilitate vehicle maneuvers associated with payload activities. Inclusion of these 
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MULTIFUNCTION DISPLAY 
o SUBSYSTEM DATA 
o MISSION STATUS 
o BACKUP 

Principal display and control 


CONTROL 

ZONE 



Fig. 2.2-41 Control and Display Layout Grouping Groundrules 


SYSTEM PAYLOAD 
CONSOLE 


COPILOT 


VEHICLE 


COPILOT SEAT 




TELE-OPS 

CONSOLE 


THREE OPERATIONAL POSITIONS 

o STARBOARD FACING - SYSTEMS/PAYLOAO 
0 FORWARD FACING - LAUNOVBOOST/RE ENTRY 
o AFT FACING - TELE-OP£RATOP^ 


Fig. 2.2-42 Sy stem s/Pay load Monitoring and Tele -operator 
Con sole /Seat Positions 
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additional flight C&D necessitates positive techniques for transfer of these functions 
from the pilot/copilot station aft to this work station (if located on the flight deck). 

Figure 2.2-43 presents a simplified concept of this arrangement. Transfer of flight 
control and visibilit>^ are two potential areas for major investigation and analysis. 

Control and Display Weights and Panel Areas. A comparison analysis was made of 
aircraft and spacecraft panel areas and control/di splay weights. Figure 2.2-44 presents 
these data in summary form. The third crew station is recommended for the test flights 
only. Thus, C&D weight for the Mark I operational vehicle is determined as 717 lb. 

It is important to note that 189 lb of the total weight is allocated to the CRTs. Display 
generation and computers associated with the C&D subsystem are charged to the data 
management subsystem. 

Panel area for the operational Mark I vehicle is 13.5 sq ft, realizing that the systems 
engineering station (8.3 sq ft) requirement drops out after the test program. Other 
aircraft and spacecraft panel areas are included for comparative purposes. Of interest 
is the display and control panel area versus weight -density plot presented in Fig. 2.2-45 
It shows that for the baseline Mark I control and display subsystem, maximum control 
and display panel density (53 lb per sq ft) is realized, thus, tending to indicate reason- 
ably efficient use of panel area. 



DOn630 


Fig. 2.2-43 System.s/Payload Monitoring and Tele -Operator Consoles 
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Fig, 2.2-44 Control and Display Panel Area and Weight Comparison 
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Fig, 2.2-45 Control and Display Panel Area Vs Weight Density (Normormalized) 
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2 . 2 , 1 . 4 . 7 Control and Display Tradeoff Analyses . Several tradeoff studies were 
conducted to support the development of tlie control and display configuration, definition, 
and layout process^ Additional supplementary analyses also are included to present 
the range of C&D data and impact factors consideredo Both trades and analyses are 
briefly discussed in the following paragraphs* 

Circuit Breaker Analysis. Circuit breaker estimates (approximately 500 or more) 
are made for the vehicle. From the newly developed concept of "remote circuit 
breakers," the estimated panel ai'ea is placed at approximately 16 sq ft. Table 
2. 2-29 presents a circuit breaker area-panel comparison between representative 
spacecraft and aircraft, tlius furtlier substantiating the dedicated panel area relegated 
to these necessary C&D items* 

Display Device Tradeoffs. A review of potentially applicable displays was 
made to determine status and availability; Table 2.2-30 presents an encapsulated 
summaiy of this reviewc Holograms, lasers, and grid-type displays are all in tlie 


Table 2.2-29 

CIRCUIT BREAKER PANEL AREA COMPARISON 
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Table 2.2-30 

DISPLAY TRADEOFFS 


TYPE 

FEATURES 

DISCRETE 


<» INCANDESCENT 

HIGH BRIGHTNESS/SIMPIE 

o GAS DISCHARGE 

MEDIUM BRIGHTNESS/LJFE 

o LIGHT-EMITTING 

HIGH BRIGHTNESS/LIFE 

DIODES 

0 ELECTROIU/vMNE- 

SLOW FAIUn.VMULTI- 

SCENT 

COLOR 

o FLUIDIC 

HIGH AMBIENT DSF/ 
REFLECTIVE 

o LIQUID CRYSTAL 

FIXED MESSAGE/ 
REFLECTIVE 

FIXED STORAGE 


0 FILM 

LARGE INFORAAATiON 
CONTENT 

o HOLOGRAM 

LARGE INFORMATION 
CONTENT 

SERVOS 

UNAMBIGUOUS DISPIAY 




s/s use 


V COUNTERS/ 
' BARGRARHS 


N\APS AND 
INSTRUCTIONS 


INSTRUMENTS 
ADI, HSI, ENG 


status 

COMMERCIAL AND MILITARY JETS 
available commercial INDICATORS] 
PROTOTYPE 


APOLLO 


AIRCRAFT MAP DISPLAYS 


SiKPERVMENTALfi: 


APOLLO, COMMERCIAL AND 
MILITARY JETS 


D0&623 



TYPE 

FEATURES 

VS USE 

STATUS 

CRT 






o 

l-GUN B&W 

HIGH BRIGHTNESS/HESOLUHON 



I0M,S5TJ=14 

o 

3-GUN COLOR 

LOW BRIGHTNESVCOLOR 
CONTRAST 



COMMERCIAL TV 

0 

1-GUN COLOR 

MEDIUM EfilGHTNESS/COLOR 
CONTRAST 


MULTI-PURPOSE 

PROTOTYPE 

o 

7- GUN 

WRITING SPEED 


, DI5PUYS 

* 

PROTOTYPE 

0 

STORAGE TUBE 

variable persistence 



COMMERCIAL AND 
MILITARY JETS 

0 

4-gun storage 
TUBE 

SIMULATED PER$IST£NCE/MOD£ 



PROTOTYPE 

o 

LASER 

NO VACUUV/WULTt-COLOR 

J 


g^XPERIM’m 

GRID 



1 



o 

PLASMA 

memory/high brightness 

1 


^experimental;* 

0 

THERAAO- 

CMROMIC 

HIGH ambient/contrast/ 
REfUCTIVE 

1 

MULTI-PURPOSE 
> 0ISPLA.Y3 

^EXPERIMENTAL-;;: 

o 

MAGNETO 

OPTIC 

HIGH AMOt ENT/CON TRA5T/ 

reflective 

1 
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experimental stage and are not considered sufficiently statcf-of-the-art devices to 
consider their inclusion as candidate displays. 

Keyboard Tradeoffs. Six basic keyboards were exajnined (Table 2.2-31) relative 
to three specific criteria areas; (1) data management, (2) utilization, and 
(3) operational. Analysis results indicate that, for Uie requirements and constraints 
considered, only two keyboards generally meet the criteria. The key-select matrix 
keyboard incorporates fixed function keys and four-position variable indicators, thus 
providing considerable flexibility and functional capability. One POK folio can provide 
between 300 and 400 discrete functions. This technique appears promising and is a 
strong candidate for inclusion m the C&D subsystem. 

Hand Controllers. Eight types of hand controllers were examined for their 
applicability to flight control (see Fig. 2.2-46). Analysis of criteria concerning these 
candidates results . in the development of the data produced in Fig*. 2.2-47. The two 
controller candidates, which generally meet the criteria acceptance envelope, are the 
dual- and single-side arm controllex's (starred). 

Propulsion Displays. The propulsion-engine system is composed of five 
separate subsystems: (1) main engines, (2) orbital maneuvering system (OMS), 

(3) reaction control system (PtCS), (4) airbreathing engines (ABES), and (5) auxiliary 
power units (APU). The display of information on a dedicated hardwire basis to the 
crew px'omotes several problems in terms of panel area consumption. Analysis of 
tliese potential problems results in the development of a discrete series of steps and 
resultant infoiTnation. Table 2.2-32 presents propulsion parameters by the five 
subsystems with the total parameters indicated for each. The minimum number of 
displays required by each subsystem (which totals 80 for the sum of the five subsystems) 
is indicated in Table 2.2-33 To determine the need by mission regime for each of the 
subsystems, requirements b}^ mission phase are established on a time-line basis and 
are illustrated in Fig. 2.2-48. Next, the types and numbers of displays required, as 
indicated by die time-line, are developed for the five subsystems (see Fig, 2.2-49). 
Thus, two rows of meters, as seen in Fig. 2.2-50, are required; by sharing (hardwire) 
displays, engine status can be displayed based on the time-line for all parameters 
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Table 2.2-31 

KEYBOARD TRADEOFF SUMMARY 
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Fig. 2.2-47 Attitude Control Device Tradeoffs 
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Table 2.2-32 

PARAMETERS BY SUBSYSTEM PROPULSION EXAMPLE 


rTfM 

PARAMtUVCOWtllTION 
DliPLAy WQUt«MfWI 

UNItS 
TO IE 

A*0NIT05‘D 

FSCf L/UION SUJST^TEM 

MA\U 

Ar-u 

OMS 

RCS 

APES 

1 

SUS5VS1EM lOtNItTY 

— 

r 

✓ 

✓ 

/ 

✓ 

2 

P£»C El'll THRlfST COVJAANOED 

ENG. 

4 


7 

— 


3 

l‘t»CENT ThUUST PEINC OELIYIKEO DY ENGINES 

ENG. 

4 

— 

2 

— 


< 

ijv Rr^AAINlNO 

TOTAL 

✓ 

— 

✓ 

— 

— 

i 

ENGINE GlMCAL POsmON IN PITCH 

ENG. 

4 


2 


— 

6 

ENGINE GI6'8Al POSITION IN YAW 

EMC. 

4 


2 

_ 


7 

THRUST VECTOR alignment E?,ROa IN PITCH 

ENG. 

4 


2 



e 

thrust VECTOa ALIGN.’AENT EIKOa IN YAW 

INC. 

4 

— 

2 

— 


9 

EurUOAU>l2ER MIxTl/tE RATIO FlCQ 

ENG. 

1 



•w 


>0 

fUELOUANmy EEA'AINIHG Ctt Yi fU2l fiEPAAIN. 

TA74«S 

1 

& * 

2 

3 

2 

11 

OXID17ES QUANTITY REAAAiNlNG Of % QS «fMIN. 

TANKS 

1 

(J.‘.ONO. KlOd 

2 

3 

ffAONO-F=rlO.') 

17 

FUEL TEMPEfiATUaE 

TANKS 

1 

6 

7 

5 

2 

13 

OXIDIZER TEV.FtPJLTlTTi 

TANKS 

T 


2 

3 


14 

Full fatssuaf 

Tanks 

» 

6 

3 

3 

2 

1& 

OXIDIZER F«£SSU2£ 

TANKS 

1 

- 

3 

3 

“ 

16 

HELIUV. ESESSU2I 

TANKS 


6 

7 


- 

17 

HELIUM QUANTITY 

TANKS 


6 

3 

6 



tNG!f4t SRM 

ENG. 


S 




tv 

COMiUSTOR OUTUT TEMffJATUQE 

ENG, 


S 


•P. 


70 

RtSCENT RPM N, 

INC. 

— 

— 

- 

- 

A 

21 

PERCfr'JT PPM N, 

ENG. 

<- 


_ 

- 

4a 

22 

TUR3 INE BLADE TEMPf KAtLHt 

ENG. 





4 

23 

FliU flow 

f Nti, 





4 

24 

ENGINE OIL T£M?E?.aTI^,1 

ENG, 





4 

ii 

ENGINE OIL fatSSUlE 

ENG. 

— 

- 

- 

- 

4 

2< 

ENGINE OIL QUANTITY 

INO. 

— 


- 


4 

3; 

EN'GtNE VII'RATION - FAN STAGE 

ENG. 

— 

— 

— 

— 

4 

75 

ENGINE ViSfATION _ TUiniNE STAGE 

F.KG. 

— 

“ 



4 

j TOTAL 

32 

if 


30 

45 




Table 2.2-33 

MINIMUM DISPLAYS REQUIRED BY PROPULSION SUBSYSTEM 


PROPULSION SUBSYSTEM PARAMETER 



OF 

DISPLAYS 


/AAIN 


' — 

APU 


O.MS 



RCS 


|ffi 

:S 

information type 

REQUIRED 


SCALES 

REQ'D 


r^CALES 

ftEQ’O 

I 

SCALES 

REQ’D 


HscaleY 

REQ'D 


scalesH 

REQ'D 



4 

3 

7 



4 

A 

2 

I 

1 

B 

3 

2 

' 


B 

B 

2 

I 



3 

2 


quantity (PROPELLANTS, 

HELIUM, OIL) 

12 

2 



</ 


® 

1/ 




1 





12 




“ 

1 

I 


1 


TEMPERATURE (PROPELLANTS, 
HELIU.M, OIL, OTHER) 

10 

2 



1/ 


9 

K 




4 










i 

1 


1 


PRESSURE (PROPELLANTS, 
HELIUM, OIL, OTHER) 

12 

2 





12 

v' 




6 










6 





RPM 

a ' 

- 





3 

p' 




- 





— 





m 





FLOW 

4 

- 










— 





— 





§ 

V' 




POSITION OF ENGINES & ERROR 

16 

@ 





— 





B 





_ 





— 





THRUST (COMMAND & ACTUAL) 

8 

® 

/ 




— 





4 



P' 







— 





A V 

1 






- 





1 



1 


~ 










MIXTURE RATIO 

1 

® 




1 

- 





— 



1 

1 

- 





— 





VIBRATION 

e 





1 

- 





- 



1 

1 

- 





® 





TOTAL INDIVIDUAL INDICATORS 

_EJ 


wtu\ 

B 


29 


3d' 


42 



D05«S6 
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BOOSTER 

ORBITEft: 


CRT DISPLAYS OF GUIDANCE FAILURE, 
EXCESSIVE RATES, LOW THRUST, STAGING 


LEGEND; 


4-tape meters 


3-TAPE METERS 



ANY SUBSYSTEM 

omm 36 68 

PARAMETERS I 1 I 


LAUNCH/ ORBITAL OPERATIONS DEORBIT HYPERSONIC SUBSONIC 

ascent reentry supersonic approach 


PRE LAUNCH 


Figo 2.2-48 Propulsion Display Requirements by Mission Phase 



ROW 2 o-\2 3-TAPE meters 

p--9 4-TAPE METERS 

ROWl — |-c-6 2-TAPE METERS 

U>2 SINGLE FUNCTION METERS 



Fig. 2.2-49 Types and NumJoers of Propulsion Displays Required 
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Doscao 


Fig. 2.2-50 Propulsion Subsystem Dedicated Displays 

indicated in Table 2.2-31. Accordingly, only 29 displays of the original 80 need be 
provided, based on this common share principle, while still matntainmg a dedicated hai'd- 
wire philosophy. Furthermore, the panel reduction can be considered at least 50 percent 
of tlie original requirement. 
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2. 2o 1. 5 Data Manageme nt and Onboard Checkout. The baseline Data Management 
Subsj'stem (DMS) is fundamental to the accomplishment of the goals of performing 
pilotage tasks wiUi a two-man crew* meeting reduced turnaround times of 30 daj'^s for 
Mark I and 2 weeks for Mark II, and achieving sufficient autonomy for an airplane 
type of operation, io6« , be independent of an earth based Mission Control Center (MCC). 
The baseline DMS is incorporated into the orbiter to assist both the space and ground 
support crews in decision making in all aspects of the mission, and to perforin routine 
tasks that are attendant to the required mlssiono A single-thread nonredundant concept 
identical to the S3A DMS, complete v/ith a hard-wired backup capability for all safety 
of flight (SOF) functions, was selected as being compatible with program needs while 
minimizing development and attendant programmatic costs and schedule risks. 

The degree of DMS participation in performance of tasks is planned to progress from 
a low level during early horizontal flight test to nearly complete automatic control 
with crew override option as a growfli capability in Mark n. 

Phased acquisition of the DMS is accomplished as shown in Table 2.2-34, This 
approach eliminates the parallel development of a development flight test instrumentation 
(DFI) subsystem while simultaneously gaining demonstrated confidence in the operational 
DMS hardware in its ultimate system environment. Operational functions (including 
effecthdty) accomplished witliin the DMS are listed in Table 2.2-35. 

2o2. 1. 5o 1 Baseline Approach. The baseline DMS is an integrated adaptation of 
existing, developed subsystems and supporting software. Development is limited to 
hardware and software modifications at the module level and integration of the sub- 
systems into a versatile system through hardwired interface units. 

The developed subsystems integrated into tlie 040A baseline DMS are: the S3A data 
management subsystem consisting of a UNIVAC 1832 computer, 61MHz dedicated data 
transmission lines, and standardized sj^stem interface units (SIU); an an^iiog multiplex 
data gathering subsystem from the LMSC SESP program; and elements of the Apollo 
Block n communications and data subs 3 ^stein. The SESP multiplex subsystem and the 
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Table 2.2-34 

DATA MANAGEMENT SUBSYSTEM PHASED ACQ.XHSITION 

DMS Status 

Bench integration of S3A computer subsystem, 

P-50 instrumentation multiplex subsystem and 
Apollo telemetry subsystemso 

PHF S3A computer subsystem, P-50 instrumentation 

subsystem, and Apollo TLM subsystem employed 
as an integrated DFI. 

FVF S3A computer subsystem and P-50 instrumenta- 

tion employed as operational crew support, 
flight test engineer support, and integrated DFI. 
Added P-50 instrumentation multiplexing to 
support DFI ac<iuisition of data for test phase 
only» Apollo TLM subsystem for DFI downlink 
and proof of operational capability « 

S3A computer subsystem, P-50 multiplexing 
subsystem (operational data only), and Apollo TLM 
subsystem as an earth cooperative support sub- 
system, Automatic control limited to the 
; instrumentation and electrical power subsystem 
in flight, available for all avionics S/S control 
between flight tests, 

S3A computer subsystem and P-50 multiplexing 
subsystem providing crew support necessary for 
autonomous operation, Apollo TLM retained as 
an emergency support option. Automatic sub- 
system control c?.palnlity limited by funding only, 
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Table 2.2-35 

DATA MANAGEMENT FUNCTIONS EFFECTIVXTY 


FUNCTION 


MARK ! 

HFT VFT 0P‘L MARK II 


ONBOARD CO/Fi AND DATA EXTRACTION 0 o 

INSTRUMENTATION AND Elf CTRICAI POWER CONTROL o o 

ABORT AIDS 0 0 

GN&C COMPUTATIONS © 

ONBOARD CO/FI /RM 0 

SYSTEM MANAGEMENT AIDS 0 


AVIONICS CONFIGURATION CONTROL 
CONSUMABLf S MANAGEMENT 
RENDEZVOUS COMPUTATION 
PAYLOAD MANAGEMENT 
A/C AND SIC FLIGHT CONTROL 
NONAVIONICS CONF I GU RATION CWROL 
MISSIO-N PLANNING 


0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

Q 
0 
e 
0 
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Apollo commimications and data subsystem elements are discussed in par. 2,2.16, 
Instrumentation. The S3A adaptation which forms tlie heart of the on-board DMS is 
detailed in die following paragraphs. An overview block diagram of the S3A DMS 
baseline is shown in Fig. 2,2-51, 

The DMS is integrated around a general purpose digital computer system (UNIVAC 1832) 
witli dual central processors used m the S3A avionics system. Each central processor 
has access to two banks of deposited film memory, each containing 32,768 32-bit words, 
widi effective cycle times of 750 //sec. If operands and instructions are in different 
banjos, instruction overlap is possible, yielding add times (including access) of 1.3 
psec and multiply /divide times of 12. 1 psec. 

Input/Output (I/O) is provided through the Input-Output Controller (IOC) and Input 
Output Interface (lOI) units (Fig. 2. 2-52). The IOC units provide tlie control logic 
which interprets and carries out l/O operations. A self-contained command repertoire 
allows direct access to and from core memory, without interruption of central process- 
ing. Each of the IOC units operates independently, and may gain access to either 
memory bank. Each IOC may control up to eight bi-directional serial channels and 
one parallel channel, yielding a capability (widi both lOCs active) of data transfer 
rates of 1,3 million words per sec. The lOCs accept and generate various types of 
interrupts. 

The lOI units (Figs. 2.2-52 and 2.2-53) provide signal level matching, serial/parallel 
conversion, line receivers and transmitters, and storage necessarj' for buffered 
communication with external avionics equipment through SIUs. Each lOI operates 
independently and may operate with either IOC. lOI design is modular by channel; 
no single failure will disable more tiian one channel. 

The lOl units communicate witlT the other subsystems through SIUs, which terminate 
the 6 :MHz serial shielded twisted-pair lines that are the standard communication 
means of the system. Each SIU contains a receiver/transmitter pair, response 
control logic, and storage for the standard 36-bit communications word (Figs. 2.2-54 
and 2.2-55). The remaining portion of the SIU is tailored to the particular subsystem 
interface required. 
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Figo 2»2“51 S3A Elements of Data Management - Mark I Orbiter 



DO3407 


Figa 2.2-52 DMS Central Computer Subsystem 
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Fig. 2. 2-54 SIU/Transmission Line Interface 
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The primary Mark I SIUs are adapted from the S3A program to interface with tiie 
a\donics subsystems, i. e» communications and tracking, electrical power, guidance/ 
na.vigation aiicl control, control/display, and instninientation. The hardware capability 
for monitoring ajid control exists witiiiii this basic Mark I configuration; however, only 
the electrical power subsystem will be operationally commanded in Mark I» 

The existing S3A capability for automatic checkout of flight readiness is employed for 
the avionics subsystems tliiough their SIU interfaces with the DMS. Those signals 
required to activate internal BITE and to initiate subsystem action attendant to checkout 
for flight readiness are either originated in toe SIXJ torough computer command or 
implemented by personnel at the flight station through operational controls on cue from 
toe DMS via programmable display. 

Passive monitoring for analysis of nonavionic subsystems is provided through the 
instrumentation interface into the DMS central computer, control being supplied by 
crew action if necessary for checkout and fault isolation. 

An interface is provided for tying the GSE automatic checkout facility and the on-board 
DMS into a single unified checkout and fault isolation system for maintenance and 
launch operations. 

The lOIs also communicate more directly with toe magnetic drum and digital magnetic 
tape mass storage devices. The drum has capacity for 400,000 32-bit words wito 
average access time of 12.5 msec. Each tape has capacity for 3.5 million 32-bit 
words, giving total system mass storage of 7,400,000 32-bit words. 

An integrated control panel is also serviced through the lOI, allowing direct manual 
man-machine communication. The operation of toe keyboard is software-interpreted, 
allowing key fimction to change Trom mission mode to mode. The programmed displays 
are versatile catoode ray tube devices that allow the presentation of both graphic and 
alpbanumeiac information to the crew. Both operations peculiar and supplemental 
trouble-shooting data are accessed as required. 

The lOI communicates with booster subsystems through the booster SIU, which is 
contained in the orbiter, 
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Fig. 2.2-55 S3A Serial Driver/Receiver - Coder/Decoder Block Diagram 


Hardwired flight-critical annunciators bypass the DMS by being wired in parallel from 


tlie input to instrumentation and booster SIUs for Safety-of-flight on-board checkout and 


abort warning functions. 


2. 2. 1. 5. 2 Composite Alrcraft/Spacecraft Avionics. The merging of aircraft and 
spacecraft functions in the DMS occurs primarily in the areas of instrumentation and 
in maintenance and mission logging on the digital magnetic tape. The integrated 
control panel and programmatic displays perform functions in either areas, as the 
•software directs. 

The S3 A program has developed the tecliniques and hardware necessary to successfully 
integrate avionics and electrical/ electronic units into a centralized DMS through the 
SIU, using a combination of standard and specialized interface circuits. The baseline 
DMS employs identical methods of consolidating available BITE outputs from the S3A, 
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L-1011, Apollo, and other maimed program hardware selected for the avionics system. 
For die limited units which do not include BITE sufficient for preflight readiness vali- 
dation, the signai/logic validation techniques developed on tlie C5A MADAR are 
implemented to achieve a self-contained checkout and fault isolation capability witliin 
tlie orbiter for avionics subsj^stems in the Mark I phase. 


An interface between the DMS computer and the GSE automatic checkout complex 
permits ground crew access to all data within the DMS computer and provides a 
capability for failure anal 3 ^sis by the flight crew during the mission. 

A conceptual overview of the DMS in the operational environment is displa^^ed in. 
Fig. 2.2-56, 2.2-57, and 2.2-58. 
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SELECT ALTERNATE MODE 



Fig. 2.2-57 DMS Inflight Test Operations 



Fig. 2.2-58 DHS 'Preflight Test Operations 
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2, 2 . 1. 6 Instrumentation, The baseline instrumentation subsystem for the Mark I 
Orbiter comprises transducing, signal conditioning, and multiplexing equipment; 
telemetry formatting controls; FM recording equipment; a flight data recorder; :md 
a time code generator. The instrumentation subsystem includes both operational and 
developmental flight instrumentation (DFI) in its formatting and recording capabilities 
to meet the data requirements summarized in Table 2,2-36. dFI multiplexing and 
cabling is separated from the operational so that the DFI is easily removable with 
minimum labor and scar effect. 

2 . 2 . 1. 6 . 1 Multiplexing and Telemetry Formatting. The multiplexing and formatting 
of instrumentation data is under control of the data management subsystem tlrrough 
the instrumentation SIU. Communication between the DMS computer and the SIU is by 
36 -bit words as in the standard S-3A 6 MHz -line interface. SESP type multiplexer 
cards are used for the first level of multiplex; each card can switch one of 32 lines 
to a single line under control of a 5 -bit address. The address is furnished to the 
specific card from the DMS computer via the instrumentation SIU. The selected Apollo 
Block II PCM telemetry equipment has multiplexing capability for 365 analog' high level 
points, 264 discrete inputs, and one 40-bit serial word. The handling of the various 
classes of instrumentation data is discussed in the following paragraphs and diagrammed 
in Fig. 2.2-59. 

An a log Data M\iltiplexing. Approximately 200 analog points are considered to be safety 
of-fUght items. These are fed directly into 200 points of the Apollo analog multiplexer. 
For the noncritlcal points both analog and discrete, 2560 can be multiplexed using SESP 
32 -point multiplexers on 80 points of the Apollo PCM multiplexer and 80 SESP multi- 
plexer cards. Eighty -five channels are available for growth and/or faster sample rates. 

Discrete Data Multiplexing . **‘'=There are 264 discrete data lines into the digital multi- 
plexer of the Apollo Block II PCM telemeter. Assuming 100 of the discrete signals 
are flight critical, these ar'e tied directly to the discrete input line. Another 164 fast- 
sample rate high priority discrete points can be tied to the direct discrete inputs, as 
well as being digitized and transmitted through the analog channel for redundancy. 
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Table 2»2~36 


040A ORBITER INSTRUMENTATION SUMMARY 


Subsystem Equipment 

FHF 

Oper Dev 

Man 

Oper Dev 

FVF Unman 
Oper Dev 

Communications 

9 

1 

10 

- 

10 

- 

Instrumentation 

2 

7 

2 

7 

2 

7 

(S/C) GN&C Attitude 



410 

64 

410 

64 

Control 







(A/C) Kaviga^^on 

54 

34 

- 




(A/C) Flight Control 

254 

192 

254 

42 

280 

44 

Display and Controls 

20 . 

20 

20 

— 

20 


Nav Aids (S/C and A/C) 

32 

26 

70 

6 

70 

6 

Data Management 

90 

46 

90 

- 

90 


ECLSS 

72 

9 

72 

- 

48 

” 

Propulsion 

32 

102 

308 

466 

308 

466 

Struct/Mechanical 

86 

538 

143 

301 

143 

301 

Hydraulic Power 

60 

89 

60 

6 

60 

6 

Elect. P^vr Distribution 

130 

66 

130 

60 

130 

60 

Fleet Pwr Generation 

18 

20 

104 

71 

104 

71 

Total 

859 

1141 

1673 

1023 

1675 

1025 


2000 

2696 

2700 


Operational 
Mark X 


10 

2 

552 

254 

20 

78 

90 

106 

308 

97 

60 

130 

104 

1811 

1811 


Note* Oper = Instrumentation points required for basic operation 

Dev = Instrumentation points required for development flight test (DFI) 
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INSTRUMENTED PARAMETERS 



Fig. 2.2-59 Baseline Instrumentation Subsystem 


Serial Data Transmission . The 40-bit serial data word input is used for direct digital 
transmission on the PCM link betoeen the DMS computer and receiving station (e.g. , 
for time codes and crew entered data). 

FM Data Trans mission. Data not suitable for digital transmission are transmitted 
via the FM data input to the Apollo Block II premodulation processor of the system. 
Formatting is accomplished again by the instrumentation multiplexing. Biomedical 
data may be transmitted on availalile bandwidth voice transmission channel, under control 
of the commumcations SIU . 

2 . 2 . 1 . 6 . 2 Integrated Vs Ovorjay PIT . The multiplexing hardware used for instru- 
mentation consists of 32 -point SESP multiplexers and Apollo Block II equipment. Because 
of the inherent capability of the system, it was decided to integrate the DMS bit stream 
and the SESP instrumentation systezn at the input to the Apollo equipment, rather than 
duplicate the computer control and telemetry system. The Dfl first level multiplexing, 
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wiring, and signal conditioning would be installed as an overlay for minimum scai 
effect and minimum cost of removal. 

Changes in software are limited to changing only the instrumentation tables and the 
telemetry format. 

The DPI system, then, is neither fully integrated nor fully overlayed, but a combination 
that fits within the instrumentation/DMS capability at minimum cost. 


2. 2. 1. 7 Baseline Orbiter Avionics Weight Summary. Available equipment has been 
identified for mechanizing each subsystem. The subsystem weights are summarized 
in Table 2.2-37 for each major development phase. The final operational avionics 
weight is 9086 pounds, including a 10-percent assessment for equipment installation. 
The detailed listings of equipment, unit weights, and prior program application are 
given in Tables 2.2-38 A through F. These lists identify the required sequence for 
adding equipment. It should be noted that the major change is from first horizontal 
flight test to the vertical, flight program. However, the use of FTV-1 as a passenger 
carrier to accumulate operating experience on FTV-2 equipment should result in a 
gradual buildup of capability; i.e. , the indicated step function will not occur. 
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S'Jb system 


I Gu i danc e 5 Navigation 
and Controls 

Ccaimunication and 
Navigati^Dn Aids 
}^‘ 

Electrical Power Generation 
Control and Distribution 

Displays and Controls 

Data Management 

Instrumentation 

Sub -Total 

Installation (10“^) 


FKF Wt. (1 
1119 

316 

2332 

751 

555 

493 

9566 

556 


6122 


TOTAL 




2275 


s) FVF Man Wt (lbs) FVT Unman Wt (lbs) 


2018 



2018 : 

436 

436 

3696 

3696 

1049 

1049 

665 

665 

664 

693 

8528 

8528 

853 

351 


531 

3696 

717 

665 

376 

8260 

826 






Table 2«2-38A 


I ORBITiiSl AVIONICS BASELINE E^riUTPMCrTT LIST 


1 Guidance; Navi.gation .■ 

and Control- i 

! Ejuipnieiit i 

Unit 
wt . 
(lbs 

( 1 

ip. 1.1 i 

5 I 


! I^^u 

53 

1 Digital Comp. (l832) 

126 

{ Star Tracker 

TT 

jHorie. . Sensor 

25 

! Navig. Data Repeater 
1 Converter | 

55 

i IVC Electronics ! 

' 30 

j AC PS Electronics 

50 

»M. E. Gimbal Actuator 
1 Subtotal 

50 

g. 1.1.2 


5 

1 Direct Gyro 

15 

1 Compass Coupler 

9 

1 Compass Controller 

1 

• Flux Valve 

1 

i vertical Gyro 

15 

1 Mag Compensator 
j Subtotal 

! 2. 1.1.3 

1 

Rudder Servos 

k& 

Elevon Servos 

■ L8 

j PIGS Servos 

5 

1 Trim/Backup Servos 

1 

1 Speed Brake Servo 

10 

1 Elevon Computer 

i 23 

j Rudder Computer 

1 

{Air Data Son a or Assy ( 

29 

i Central Air Data Coinp.j 



FHP i 

FVP Man 

FVF 

Unman 

Open. 

. 



Total 


Total 


Total 


Total 

Prograrii 

1 

Quan 

Wt. 

Quan. 

Wt. : 

Quan . 

Wt. 

Quan. 

Wt. 

Source 

— L 
1 


i 

2 

i 

1 

io6 i 

2 

106 

3 

159 

Jhj 

1 


1 

1 

1 

126 i 

1 

126 

I 

126 

S-SA 1 





L 



2 

154 

Bendix ATM 1 



j 





2 

50 

Agena | 




2 

110 

2 

' 110 

2 

110 ■ 

S-3A 



\ 

\ 

( 

3 

90 

3 

90 

3 

"90 

Agena j 

1 




3 

150 1 

3 

150 

'J 

J 

150 

Agena i 



i 

8 

400 j 

8 

400 

8 

400 

S IV B ! 

1 


■ 

■ 

• 


982 1 


982 


1239 

J 

1 

s 

i 

1 


2 

29 







J 

1 

C-5A j 


2 

IT 







C-5A • ! 


2 

2 

j 






C-5A i 


2 

4 







C-5A i 


2 

29 







C-5A 1 


2 

2 







C-5A 1 



H3 







1 


2 

95 

2 

95 

2 

95 

1 

2 

95 

1 

C-5A 1 


8 

384 

8 

384 

8 

384 

8 

384 

C-5A 1 


10 

50 

. 10 

50 

10 

50 

10 

50 

Stoi i 


10 

' 10 

10 

10 

10 

10 

10 

10 

C -l4l , 


h 

4o 

4 . 

4o 

4 

40 

4 

4o 

New I 


h 

92 

. 4 

92 

4 

92 

4 

92 

L -1011 i 


2 

46 

2 

46 

2 

46 

2 

46 

L-1011 i 










SYF-n^ 1 


2 

59 

2 

, 

59 

2 

59 

2 

59 

Ig-3A 
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Table 2 . 2 - 38 A MAM I 0 .HBITER AVIONICS BASELINE EQUroiEKT LIST 


Guidance, Navigation 
and Control 
Equipment 

2 . 1.1.3 Continued 

Pitch Rate Gyros 
Roll Rate Gryos 
Yaw Rate Gryos 
Normal Accel. 

Lateral Accel 
Longitudinal 
Accsleraneter 
Pitch APFDS Computer 
Roll APFDS Computer 
Eng. Spd. Contr. Sys. 
Speed Computer 
Anti-skid Controller, 
Touch Down SW„ , Wheel 
Spdo Sensor 

Subtotal 

TOTAL 


Unit 

Wt. 

(lbs) 


Total 

Quan . Wt . 


1,036 


1,119 


F 

VF Man 

FVF 

Unman 

Oper 


Total 


Total 


Total 

Quan . 

Wt. 

Quan. 

Wt. 

Quan . 

Wt. 

L 

T 

4 

7 

4 

7 

4 

7 

4 

7 

4 

7 

h 

T 

4 

7 

4 

7 

k 

1+ 

4 

4 

4 

4 

k 

4 

4 

4 

4 

4 

2 

2 

2 

2 

2 

2 

2 

56, 

2 

56 


56 

2 

. 56 

2 

96 

2 

56 

k 

60 

4 

60 

4 

60 

1 

27 

1 

27 

1 

27 

1 

30 

1 

30 

1 

30 


1,036 


MM 


1,036 


2,018 


2,018 


2,275 


Table 2 » 2 - 38 B MAEK I ORBITER AVIONICS BASELINE EQUIIMENT LIST 


FVF Man 


F/F Unruan 


Oner 


C CiTiinuni c at i ons and 

Tracking 

Equipment 


I Pre - mod Proc . 

} Unif . S-Band Eq. 

I S-Band P.A. 

UHE SCVR 

I Ui!) Data Link y 

I S-Band Ant. Switch 
I UHP Ant. Switch 
I Antenna 
\ ATC Transponder 
i ATC Antenna 
I vTiP Rec. Beacon 
1 iTIF Rec . Beacon Ant . 
j Taca.n 
} ILS RCVR 
: MLS RCVR 
Radar Altimeter 
Orbit A 3 .timeter 
Free. Ranging System 

' TOTAL 


Unit 

Wt. 


Total 


(lbs) , Quan. Wt. 


Quan, 

Total 

Wt. 

Quan. 

— 

■ Total 
Wt. 

Quan. 

Total 
Wt . 

Program 

Source 

1 

1 

11 

i 

■11 

1 

11 

Apollo 

1 

38 

1 

38 

1 

38 

Apollo 

1 

32 

1 

32 

1 

32 

Apollo 

2 

66 

2 

66 

2 

66 

S- 3 A 

1 

22 

1 

22 

1 

22 

Apollo 

1 

3 

1 

3 

1 

3 

Apollo 

1 

2 

1 

2 

1 

2 

S- 3 A 

2 

4 

2 

4 

2 

4 

Apollo 

2 

24 

, C 

24 

2 

24 

C- 5 A 

2 

■ 6 

: 2 

6 

! 2 

6 

C- 5 A 

1 

13 

i ^ 

13 

i ^ 

13 

Apollo 

1 ^ 

1 

1 

1 

1 

1 

Apollo 

2 

T 4 

2 

T 4 

2 

T 4 

S- 3 A 

1 






C- 5 A 

' 2 

30 

2 

30 

2 

30 

C-Scan 

2 

■20 

2 

20 

2 

20 

S-3A 

c. 

90 

2 

90 

3 

135 

j Sky Lab 





2 

50 

1 Ciris 



436 

. 

436 

1 

531 
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Table 2»2-38C MARK I ORBITER AVIONICS BASELINE EQUIPMENT LIST 


! 

FHF • 1 

FVE 

Man '• 

FVF Unman 

Oper 



— 

Electrical Power 
1 Equipment j 

Unit 

Wt. 

(lbs) 

Quan. 

Total 

Wt. 

Quan. 

Total 

Wt 

Quan . 

Total 

Wt. 

Ill— ■■■T — — •- 

Quan. 

Total 

Wt. 

Program 

Source 

2.1.3 1 











Electric Power | 

Distribution 



1 








Gen. Ctrl. Unit 
SFMR/Rectifier 
DC Bus 
^ AC Bus 

Static Inverter 
5 DC Distribution Units 
5 AC Distribution Units 

8 

18 

595 

290 

10 

10 

3 

3 
2 
2 

4 
6 
2 

24 

5 ^ 

1,190 

580 

160 

60 

20 

3 

3 
2 
2 

4 
6 
2 

24 

5 ^ 

1,190 

580 

160 

60 

20 

3 

3 
2 
2 

4 
6 
2 

24 

5 ^ 

1,190 

580 

160 

60 

20 

3 

3 
2 
2 

4 
6 

24 

5 ^ 

1,190 

580 

160 

60 

20 

S- 3 A 

P 3 V 

New 

New 

Apollo 1 

New 1 

New 1 

i 

1 Subtotal 



2,088 


2,088 


2,088 

2,088 


Electric Power 
Gene rat i ai 










1 

Fuel Cell ( 2 K Hr) 
Cryo }l 2 Sux:ply 
(Tank only) 

Cryo 0 ^ Supply 
(Tank only) 

' Battei’y (Etnerg. ) 
A.C. Generator- 

298 

9 T 

138 

62 

ko 

2 

3 

124 

120 

3 

2 

2 

2 

3 

894 

19^ 

2T6 

124 

120 

3 

2 

2 

2 

3 

894 

194 

276 

124 , 
120 

3 

2 

2 • 

2 

3 

894 

194 

276 

124 

120 

PScW Dev. 
AAF 

AAP 

Agena 
Mod. S- 3 A 

1 Subtotal. 



244 


L,608 


1,608 


1,608 


TOTAL 

. 


2,332 


3,696 




3,696 

— i 
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.Table 2.2-38D MAI^K I OBITER AVIONICS BASELINE EO.UIPHEMT LIST 





VllF 

FVF Man 1 

FVF Unman 

9p 

e r 

1 

Displf;ys and Controls 
Equipment 

Unit 
Wt . 
(lbs) 

Quan 

Total 
wt. • 

Quan , 

Total 

V/t. 

Quan . 

Total 

VJt. 

Quan . 

Total 

Wt. 

Program | 

Source 

Tlf ebr ow / Overhead Panel ; 

! 

Elngine Fire Control Panels! 

8.0 

1 

’8.0 

i 

8.0 

1 

8.0 

1 

8.0 

L-IOII ! 

1 

EC/Ti5 Gas Supply Override | 

22.3 

- 

- 

1 

22.3 

1 

22.3 

1 

22.3 

1 

Valves j 

Elect Fv/r Generation and ’ 
Dist r 

6.9 

1 

6 . 9 

1, 

6.9 

1 

6.9 

1 

6.9 

j 










i 

r 

Elevon Disable 

2.5 

■! 

2.5 

1 

2.5 

1 

2.5 

1 

2.5 


Rudder Disable 

2.8 


2.8 

3. 

2.8 

1 

2.8 

1 

2.8 

! 

i 

SAS, Pitch, ATS, and Trim 

3.9 

1 

3.9 

]. 

3.9 

1 

3.9 

1 

3.9 

L-IOIL i 

1 

Sner Controls 










] 

■Antiskid Controls 

2.3 

1 

2.3 

1 

2.3 


2.3 

1 

2.3 

L-1011 j 

Sensor Heat Controls 

1.9 

1 

1.9 

1 

1-9 

1 . 

1.9 

1 

1.9 

L-1011 i 

PFCS Mon, Rudder and Sieve 

n 3-2 

1 

- 3.2 

1 

■ 3.2 ' 

1. 

3.2 

1 

3.2 

L-lOil ' 

' 

ihner Controls 
Engine Start 

2.4 

1 

2.4 

1 

. 2.4 

1 

2.4 

1 

2.4 

L-1011 1 

API! Engine Controls 

4.7 

1 

4,7 

1 

4.7 

1 

4.7 

1 

4.7 

** 1 

t 

Cabin Lights 

i 2.0 

1 • 

2.0 

1 

2.0 

1 

2.0 

1 

2.0 

L-1011 1 

f 

Mission Timer 

! 2.5 

1 

2.5 

1 

2.5 

1 

2.5 

1 

2,5 

CM or LM '• 

1 

Event Timer 

|l.9 

1 

1.9 

1 

1.9 

1 

1.9 

1 

. , 1-9 

CM or liM 

Exterior Lights 

2.8 

1 

2.8 

1 

2.8 

1 

2.8 

1 

2.8 

L-lOli 

Rudder Limiter 

1 2.1 

1 

2.1 

1 

2.1 

1 

2.1 

1 

2.1 

L-1011 

{ 

j Sub -Total 

! 

j 

{ 


40 . 90 

1 

72.20 


72.20 


72.20 
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Table 2 . 2 - 38 D MARK I ORBITER AVIONICS BASSLINE EQUIPI'^ENT LIST 


r 

I Displays and Controls 
1 Equipment (cont'd) 


I Main Instrument Panel : 

Flight Attitude Indicator \ 
Horizontal Situation j 

I Indicator j 

i Aero Surface Indicator ! 

ARCS Modes | 

I ARCS Warning 1 

I ' Instr Wariiing 
Autopilot/ Lsi-nd | 

Meter - Airspeed/Mach/cC j 
Meter - Altitude/Vertical j 
Speed j 

Altimeter 

True Airspeed Indicator 
A?Ltitude Indicator 
Multi-Purpose Keyboard 
’ Engine Gimbal Override 

I RCS Control Override 
Main/ CMS Override 
Tank Jettison CX^erride 
Abort 

Instr Brightness Control 
Caution and Warning Test 
Panel 

Booster Status Panel 
Master System Caution 
and Warning 

Multi-Function Crt i 

(Flight Management) 
Flight Mode Indicator 
Multi-Function Crt 
(Subsystems) 


: FHF 1 

FVF Man | 

FVF 

Untrnn 

Oper..: i 

^ .. „ 

Unit ’ 








! 

Total 1 


Wt . 


Total 


Total 


Total 



Prog ram 

(lbs) 

Quan 

Wt. 

Quan . 

Vt. 

Quan . 

Wt. 

Quan 

Wt. 1 

Source 

6 . 9 h 

2 

13.88 

2 

13.88 

2 

13.88 

2 

13.88 

S- 3 A 

8.0 

2 

16.00 

2 ■ 

16.60 

2 

16.00 

2 

16.00 

S- 3 A 

2.25 

2 

4.50 

2 

4.50 

2 

4.50 

2 

4.50 

L -1011 

2.75 

2 

3.50 

2 

3.50 

2 

3.50 

2 

^ 3.50 

L-1011 

1.83 

2 

3.76 

2 

3.76 

2 

3.76 

2 

3.76 

L -1011 

1.88 

2 

3.76 

2 

3.76 

2 

3.76 

2 

3.76 

L -1011 

20.2 

1 

20.2 

1 

20,2 

1 

20.2 

1 

20.2 

L -1011 

8.. 2 

2 

16.4 

2 

16.4 

2 

16.4 

2 

16.4 

C- 5 A 

8.2 

2 

16.4 

2 

16.4 

2 

16.4 

2 

16.4 1 

C- 5 A 

3.0 

2 

6.0 

2 

6.0 

2 

6.0 

2 

6.0 

S- 3 A 

1.5 . 

2 

3.0 

2 

• 3.0 

2 

3.0 

2 

3.0 

S- 3 A 

1.5 

2 

3.0 

2 

3.0 

2 

3.0 

2 

3.0 

S- 3 A 

22.0 



2 

44.0 

2 

44.0 

2 

44.0 

S- 3 A 

1 . 95 . 

— 

- 

r\ 

C. 

3,90 

2 

3.90 

2 

3.90 

CM 

2.75 



\ 2 

5.50 

2 

5.50 

2 

5.50 

- 

1.20 



1 2 

2.40 

2 

2.40 

2 

2.40 

- 

1.90 



2 

3.80 

2 

3.80 

2 

3.80 

- 

1.10 

2 

2.20 

2 

2.20 

2 

2.20 

2 

2.20 

" 

0,75 

2 

1.50 

2 

1.50 

2 

1,50 

2 

1.50 

_ 

1.10 

2 

2.20 

2 

2.20 

2 

2.20 

2 

2.20 

- 

2.90 



2 

5.80 

2 

5.80 

2 

5.80 

- 

2.97 

2 

5.9^ 

2 

5.94 

2 

5.94 

2 

5.94 


63.0 

- 

• - 

2 

126.0 

2 

126.0 

2 

•126.0 

S- 3 A 

2.80 

2 

5.60 

2 

5.60 

2 

5.60 

2 

5.60 

- 

63.0 

- 

- 

1 

63.0 

1 

63.0 

1 

63.0 

S- 3 A 




Displays and Controls 
SOiUipinent ( cont ' d ) 


Unit- 
j Wt , 

! (its) 


instrument pan el (cont^d ) : 

, b.5j6.2, 

Engine / Pr opuis ion Di sp lays j 1.2 
Engine/Propnlsion Displays* 6.2 
Mode Select ( Main/ OMS/ ABES) 1.1 
Mode Select (BCS/APU) ■ 

Area, 11 av - Cro^vd:h I (63)’^ 

Throttle Quads, Speed iSS.O 

Brake & Elevens C^6ntrol | 

I ABES Controls 1*^ 

I G&N Panel 2.6 | 

; landing Gear Controls ^ I 4,2 j 

i Emer Landing Gear Extension 1.5 
Controls i 

ATC panel 2.0 

Comimani cat ions Panel 14.0 

BC/lS Panel 3*9 

Engine Start 2.9 

Attitude Hand Controller o.O 

[Translation Controller 6.2 

i CSli Annunicators 5*6 


9 , 6,2 

12 

2 

2 


Sub -Total 


458.52 
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Table 2. 2-3 8D 

MARK I ORBITER AVIONICS BASELINE EQUIPMENT LIST 


Displays and Controls 
Equipment, 


T 


Sys Engr Panel 
CRT 


Unit Wt, 
(lbs) 


63 


FHF 


Quan. 


8,3 ft 
1 


2 


Total 

Wt. 


189 

63 

252 


FVF Man 


Quan. 


8,3 ft 
1 


Total 

Wt, 


189 

63 

252 


FVF Unman 


Quan, 


8.3 ft 
1 


Total 

Wt. 


189 

63 

252 


Oper 


Quan, 


Total 

Wt. 


Program I 
Source 


TOTAL 


751,44 


1048,74 


1048.44 


717.44 





























Table 2.2-38E 


MARK I ORBITER AVIONICS BASELINE EQUITMENT LIST 



FHF 

DVD Man 

FVF Unman 

OPsr } 


Unit 

wt. 

1 / N 

• \ ' - ^ 

Total 

Total 

|Q.vVU',. Wt. 

Total 

Q,uan.. Wt. 

Total 

Qiian,. Wt. 

Program 

Souixi'e 

L 

n .... 




I Digital Computer 
Drum Storage 
Dig. Mag. Tape 
Display Gen. Unit 
Conuri. SIU 
Instr. SIU 
GN&C SIU 
ECLS SIU 
SI. Dover SIU 
i Booster SIU 
|cSE/LCC SIU 


255 

TO 

20 

80 

ko 

10 

80 

15 

15 

30 

30 


TOTAL 


1 

255 

1 

255 

1 

TO 

1 

TO 

2 

ko \ 

■ 2 

40 

1 

80 ^ 

1 

80 

1 

40 

1 

40 

1 ■ 

10 

1 

10 



1, 

8o 

1 

15 

1. 

15 

1 

15 

1 

15 



1 

30 

1 

30 

1 

30 

* 

555 

1 

665 


255 

1 

255 

3 -3*4 

TO 

1 

TO 

S-3A 

40 

2 

40 

S-3A 

8o 

1 

Bo 

S-3A 

40 

1 

4o 

S-3A 

10 

1 

10 

S-3A 

8o ^ 

1 

80 

S-3A 

15 

1 

15 

1 S-3A 

15 

1 

15 

S-3A 

30 

1 1 

30 

S-3A 

30 

1 

30 

1 S-3A 


123 
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2.2.2 Electrical Grotmd Support Equipment 

The electrical gi'ound support equipment for the baseline avionics system is required 
to support a shuttle system that is composed of an interim, immanned booster in 
conjunction with a 040A Mark I Orbiter that has on-board data management capability. 
Avionics on-board checlcout, fault isolation, and all abort indications are controlled 
and monitored from the oribter. This provides a near-autonomous shuttle operation 
during prelaunch checkout and launch activities for the avionics system. 

To support the baseline avionics system, it is proposed to modify and utilize existing 
facilities and electrical gi’ound support equipment (EGSE) located at Kennedy Space 
Center. These facilities and equipment together will provide the necessary means 
to refurbish, maintain, checkout and launch the shuttle avionics system. 

2,2.2. 1 Checkout and Maintenance. Complete avionics subsystem checkout and fault 
isolation are performed ■with the on-board checkout system; the basic philosophy of 
maintenance is ”on demand", i. e. , replacing imits only when malfunctioning. This 
concept is viable because of real time checkout on-board during all mission phases and 
allows the line replaceable units (LRU) to be immediately dispatched to their respective 
subsystem laboratories after landing, where detailed and positive fault isolation 
talces place on automatic test equipment. Those problems external to line replaceable 
units require additional on-board trouble- shooting conducted by utilizing carry-on 
equipment such as VTVMs, oscilloscopes, etc. presently in inventory at KSC. 

Electrical ground support equipment, to satisfy the peculiar bench checkout requirements 
of each subsystem and LRV, will be maintained in dedicated laboratories in the MSOB. 
Each dedicated subsystem labej^-atory is in turn connected to a common computer 
controlled test equipment complex by way of a data switching unit, all within the MSOB. 
Each, subsystem laboratory after establishing the necessary soft-ware test routines, 
can conduct checkout and fault isolation to the replaceable module on any of the 
laboratory line replaceable units. 


2.2-124 



LMSC-A995931 
voi n, Pt 4 


The existing GE computed complex consists of a general purpose computer, memory 
unit, input/output console, mag-tape transports, teletypewriter, tape reader, and 
tape punch to which will be added a data switching unit interconnected to stimulus and 
measurement equipment sections (created from existing test hardware). The resultant 
test tool is identical in function to the versatile avionics system test concept used 
for shipboard support of the S-3A avionics. 

The data switching unit is the communications element in the total test interface. It 
enables the automatic test equipment operator to exercise supervisory or direct control 
of the test program, monitor subsystem laboratory requests for support in real time 
(shared), and select the modes of operation. The computer, acting through the data 
switching unit monitors, controls, and synchronizes all data and instruction transfers 
between common test equipment and the user subsystem laboratories. 

To accommodate the on-board system certification of newly installed components, 
the Launch Control Center is connected into a data link terminal that is located in 
each orbiter and booster cell in the Vertical Assembly Building. This allows final 
system certification of each vehicle prior to vertical assembly on the mobile launcher. 

2. 2, 2. 2 System Checkout and Launch. The total shuttle system, composed of the 
booster, tank, and orbiter, is assembled in the Vertical Assembly Building on the 
platform of the mobile launcher. The orbiter DMS system is then connected to the 
Launch Control Center (timough the GSE SIU) by way of a high speed data link 
transmission line; voice communications and external power are through other 
electrical connectors. This puts the LCC computer and the ML computer in contact 
with the on-board data management system and prepares the vehicle and facility for 
integrated systems checkout and simulated flight tests. Checkout is initiated and 
monitored from the orbitei’ cockpit with the on-board data management system 
calling up the necessary test routines and monitoring tlie test and data responses 
under GSE cueing. System test is controlled from the ground test center in the LCC. 
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When integrated checkout and simulated flight tests are complete, the mobile launcher 
and shuttle are moved to the launch site and installed on the laimch pad. Identical 
electrical and data linlv connections are made and the same computer- controlled automatic 
checkout of the shuttle avionics is performed. 

The computer complex that supports this phase of the operation is composed of two 
general purpose computers and their peripheral equipment. One computer is located 
in the Launch Control Complex while the other is stationed in the base of the mobile 
launcher. Both computers are RCA- 110 As and are connected in tandem to perform their 
sj’'stem support functions. Fueling is controlled independently of the avionics support 
and is not considered in this study. Existing peripheral equipment includes a line 
printer, card reader, card punch, paper tape reader, tape punch, mag tape transports, 
and digital display equipment. 

2. 2. 2. 3 ^tegrated Test Facility (ITF) . Components of the shuttle avionics system 
that are not repairable at the launch operations facility are sent to an integrated test 
facility for depot-level maintenance. This facility (Fig. 2.2-60) is tlie existing S-3A 
ITF modified for shuttle compatibility and has the capability of complete comjx>nent 
repair and also total system checkout with respect to any individual component. The 
facility consists of three supporting elements. 

o Integration Bench Setup (IBS) 

o Integration Test Facility (ITF) 

o Laboratoi*y Computer Facility (LCF) 

The IBS contains the necessary equipment to repair and checkout the individual 
avionics components. This includes the work benches, hand tools, simulators, 
and mechanical and electrical lab equipment associated with shuttle avionics. 
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Fig. 2, 2-60 IntegTated Test Facility /Integrated Test System 
Rye Canyon Bldg. 229 

The ITF houses the physical mockup of the avionics system. Each repaired 
component is installed in the mockup and subjected to an integrated systems 
test. 

The LCF contains the computer system and all of its peripheral equipment to 
support the integrated system run that is conducted in the adjacent ITF. 
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2. 2, 2. 4 Mission Supports During the development phase of the program, the use of 
the existing Mission Control Center (MCC) modified for SSV support and an earth 
based tracking network will be required for shuttle operation. It can be seen 
(Fig. 2.2-61) that as the program px'ogresses from tlie development phase through the 
early operational phase to the more mature operational phase, fewer active stations 
will be required to support the orbiter and its operations (reference EM L4-02-05-04-M1-1 
SGLS Coverage by Ground Station - 100 nm Polar Orbit). 

Each station in the netv/ork is assumed to be selected specifically to support the 
shuttle operation. Emergency voice contact to MCC is assumed to be available 
at any time through the Air Force tracking network. 



Fig. 2.2-61 040 A Avionics Baseline - Orbital Support 
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2.2.3 Software 

The principal implications of the selected avionics hardware baseline on shuttle software 
definition and development may be summarized as follows: 

0 The extensive adoption of S-3A data management subsystem features offers 
a high degree of commonality between shuttle software needs and those 
currently existing or under prior development within the Federal Government 
inventory , 

o Flexible (CRT/KEYSET) man interface and DMS highspeed, digital access 
to all LRUs without resort to a complex data bus and offers straightforward 
economical methods of addressing shuttle -unique, combined aircraft- spacecraft 
instrumentation/checkout/control problems. 

o Compatible ground software development facilities necessary for support of 
early contractor simulation, development, and integration of orbiter mission 
software already exist so that short-term expenditures for new development 
are minimal. 

In effect, the selected avionics baseline has been drawn from a maximum S-3A applica- 
tion alternative and, with respect to shuttle software in particular, the original alternate 
objective remains intact. 

To the extent that the above implications are realizable, the possibility exists for the 
shuttle software program to gain the most capable, proven system contemporarily 
available at a cost competitive with the least-capable system tailored to a minimum, 
shuttle -peculiar requirement. This possibility is the principal motivation behind the 
functions, structure, and segmentation of the Mark I shuttle sofUvare baseline as 
described below. 

2,2. 3.1 Functional vs Chronological Analysis Summary . Assuming an application 
of S-3A software concepts to at least an aircraft-dedicated configuration for early 
horizontal flight, it is of interest to show: 

a. That all functional requirements are met 
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b. By what sensible manner the configuration might be progressively updated 
to achieve a satisfactory Mark I/Mark II orbital capabilitJ^ 

c. How this approach compares with other possible approaches. 

To determine a maximum application, it is, of course, necessary to relate shuttle 
functional requirements to specific capabilities of the existing S-3A avionics system. 
Further, it is necessary that functions (or capabilities) be prioritized in a manner 
that facilitiates proper differentiation with respect to relative importance and logical 
order of development. 

2. 2, 3. 1. 1 Functional Analysis Approach. As a part of the overall alternate avionics 
concept study, a detailed functional analysis resulted in the consideration of three 
possible variations of functional capability for Mai’k I orbiter avionics based on the 
followii^ categorization: 

a. SAJ'E. This variation is a "barebones” approach which yields a safe, 
acceptable Mark I configuration at absolute minimum cost, but with some 
sacrifice in mission success probability. All functions and features assigned 
a "safety of flight" (SOF) criticality (Ranl<. 1) are included. This variation 
does not support all functions and features assigned a "mission success" 

(MS) criticality (Ranlc2). 

b. Mission Success. All functions and features assigned either an SOF or 
MS level of criticality (Ranlc 1 or Rank 2) are included. This variation 

is predicated on achieving a high probability of Mark I mission success , but 
does not include functions and features dedicated to growth and improved 
adapability for early Mark II development testing and evaluation. 

c. I mproved C apab 11 ity . All functions and features considered technically 

justifiable for a full -'Capability Mark I avionics system are included. 


SoftNvare -oriented, major functional capabilities categorized in this manner by avionics 
subsystem a.re given in Table 2.2-39. Capabilities are cumulative in going from one 
variation to the next such that the "improved capability" variation includes all 
functions in the table. 
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Table 2.2-39 
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The "safe” variation, while perhaps presenting the least cost and complexity for 
orbiter avionics does not present an acceptable level of mission success probability 
and is greatly dependent upon extensive onboard hard instrumentation and ground 
systems tie-in for both checkout and operations. The "mission success" level of 
capability greatly reduces data point instrumentation and ground dependency, but is 
relatively limited in terms of suitability for extended missions ^and expanded payloads 
capabilities. The "improved capability," while technically justifiable in the long run, 
may present too great a cost and complexity, 

Compai'ing current S-3A software -supported avionics capabilities with those indicated 
in Table 2.2-39 leads to the conclusion that a maximum application would generally 
result in an "improved capability" level in all subsj^stem areas, especially so in 
controls and displays and data management. If such an application proves as cost- 
effective or more cost-effective than other possible approaches offering less capability, 
then the major question would be whether or not the relative complexity of the approach 
increases or lowers program risks. This question leads to a look at the chronological 
aspects of shuttle development in the light of related previous experience. 
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2. 2. 3. 1. 2 Effects of Progressive Development. Froin the vie\\^oint of mininiizing 
prograni risks, a progressive approach to shuttle development might well initially 
target on a set of paths (as depicted in Table 2*2-39) for a four-step, incremental 
development. There are, of course, problems to be reckoned with in such an event, 
namely, how to avoid; (1) costly onboard (eaidy) instrumentation and ground systems 
development that might ultimately prove wasteful or too expensive to maintain, imd 
(2) crippling constraints on upgrading avionics designs due to unforeseen costly retrofits. 
Without proper end-point planning, lower short-term risks gained by keeping the con- 
figuration simple for earlier development phases can result in much greater risks later 
in the program. 

Fx'om the view^point of initial hardware /software design for an early horizontal flight 
test (FTV-1) configuration, requirements are necessarily influenced by ultimate 
program objectives with respect tO: (1) systems development test and integration, 

(2) operational concepts of onboard checkout/monitoring and gromid maintenance, and 

(3) operational reliability and redundancy. 

The selected Mark I avionics baseline viewed in the light of these considerations suggests 
. a reasonable set of end-point constraints for bounding early equipment and software 
specifications, namely: 

o The ultimate shuttle orbiter avionics will be a moderately integrated 
system. 

o All subsystems will, to the individual LRU level, provide: 

1. A BITE -based capability for onboard DMS checkout and in-flight 
performance monitoring 

2. A built-in test capability consistent with an automatic test equipment 
ground maintenance philosophy. 

o All subsystems will provide a standard interface tie-in with the DMS for 
purposes of BITE logic access and for in-flight monitoring of equipment 
mode /configuration status. This standard interface will conform to the S-3A 
DMS inpvit/output communications scheme , which employs a serial , 6 MHz , 
biphase -Manchester -coded , duplex interface , 
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o Where complexity of subsj^stem redundancy and functions warrant, the DMS 
subsystem interface miit (SIU) will provide the capability for remote, integrated 
control (via DMS programmable keyset) of subsystem configuration and modes 
so as to provide: 

1. Minimum essential flexibilities for integration/verification/ 

. maintenance testing without requiring extensive use of special 
test equipment. 

2, Automatic sequencing for DMS directed go -no/go checkout prior 
to flight and during’ extended stationkeeping operations on orbit. 

It is important that this latter capability of DMS (or automatic test equipment) 
programmable control of subsystem configurations and modes is well justified for test 
purposes alone and does not necessarily imply crew -dependence upon this method of 
subsystem control during flight operations. Past experience in this regard fully supports 
this position in that: (1) the amount of special test equipment (and vendor involvement) 
required during integration testing can be held to cost-effective levels, and (2) the 
extensive variations in software/liardware configimations and modes necessarj^ for 
in-depth verification testing are readily programmed and implemented without resort 
to lengthy and tedious procedures or the involvement of large numbers of support 
personnel and special test equipment. 

The ultimate method of assuring an adequate level of operational reliability must also 
influence early hardware/software design. If the ability for flexible, sofbivare 
(keyset -DMS) control of subsystem equipment operations is already justified for test 
purposes, then this available feature of the system becomes an important consideration 
in providiiig essential redundancy and sharing of resourses. In effect, the integrated 
controls, displays, DMS computer, ajid SIU tie-in with the LRUs constitute a software 
path for the crew to manage and control the system. Subsystem-dedicated redundancy 
above the LRU level, then, need not be duplicated to provide fail-safe operations or 
triplicated to provide fail -operational. In the case of mission critical functions of 
GN&C (see Fig. 2.2-62), the dedicated processor provides a crew -control path that is 
completely paralleled by DMS and manual modes and need not be duplicated to provide 
fail -operational capability. The same applies to other subsystems as well, such that 
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I (OTHER SUBSYSTEMS) 


DO«423 

Fig. 2.2-62 Computer System Multipath Control Concept for Mark I Baseline 

considerable quantities of equipment, which might otherwise require parallel redundancy, 
may be safely left out of the system by providing the crew with the minimum sofbivare 
and keyset controls to accomplish the same functions via the DMS, The diagram of 
Fig. 2. 2-62 can be drawn for each of the major subsystems to reflect this type of 
multipath redundancy, as appropriate. 

In conjunction with early horizontal and vertical flight testing, substantial development 
instrumentation that will not carry over into operational use will be required. As a 
combined aircraft/spacecraft, even the operational instrumentation problem will be 
much more severe than in previous systems. The number and variety of transducers, 
cables, signal conditioners, indicators, and control switches is liriely to be prohibitive 
to the point where conventional, parallel hardwire approaches to data/control point 
instrmnentation cannot be tolerated. Again, the BITE/MODE monitoring and controls 
available via the DMS/SIU/LRU route offer advantages. Temporary overlay, develop- 
ment flight instrumentation can be held to a minimum arid the amount of parallel, 
hardwired indicator and control panels can be kept at tolerable levels. 
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The programmable displays and controls can be effectively utilized for selected mon- 
itoring of both graphic and discrete pai’ameters, depending on current test flight 
emphasis and suspect areas. Limit checking and formatting for down -link PCM te- 
lemetry is then accommodated by the DMS software. Again, the potential perturbating 
effects on component design due to early versus end-point configuration requirements 

are significantly alleviated. 


These and other considerations affecting the degree of ground equipment/support 
dependency, flexibilities for test, redundancy, growth and interface control, and 
overall program development/operational costs greatly influence the choice of interim 
avionics configurations and associated software capabilities leading to an effective 
Mark I end-point capability. 


2 2.3,1.3 Functional Baseli n e and Kffectivity . The selected functional baseline for 
Mark I data management software is depicted in Fig. 2.2-63. Function effectivity 
versus interim Mark I configurations is shown in Table 2.2-40 suggested by Fig. 2.2-64, 
primary-mode mission critical GN&C computations are provided for by software 
residing in the subsystem -dedicated computei . 


Data management software effectivity for HFT does not include functions peculiar to 
orbital operations per se; however, programmable displays and controls and on-board 
software capabilities are in keeping with the preceding functional analysis and the 
principal objectives listed below. 

o Provide for flexible and- extensive test and checkout capability for each 
subsystem to the individual I^RU level 

■ o Provide early hardwire -independent crew monitoring and control of sub- 
system operations 

o Permit alleviation of early, parallel instrumentation/ control overlay 
problem 

Adequate time spans for implementation of these objectives mm readily accommodated 
with low risk to the program, since most of the avionic equipment required for 1 1 FT is 
compatible with existing software providing these same functions for S-3A. 
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Table 2.2-40 


MARK I BASELINE SOFTWARE FUNCTIONS EFFECTIVITY 
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DCC231 

Fig. 2.2-64 Mark I Baseline Software Configuration 


For VFT, GN&C software is added for mission critical spacecraft control functions. 
Programs residing in this dedicated, single-CPU version of the 1832 computer provide 
a DMS -independent capability for all computations and command generation necessary 
for both on-board autonomy and command uplink control of flight path under crew 
supervision. In addition, DMS software functions are expanded to include the following 

o GN&C backup 

o Spacecraft communications processing and control 
. o System management aids 


1. Electrical pow;er control 

2. Environmental control 

3. Alternate plans 

4. Degraded -mode recovery 
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During late HFT and prior to Mark I operational missions, the DMS software is further 
updated to include all functions called for in Fig. 2,2-64. This end-point Mark I soft- 
ware configuration has been sized in accordance Avith the following objectives: 

o Full utilization of the moderately sized DMS for assisting the crew in 

managing the non-flight-critical functions of the combined system, including 
a high degree of on-board auto no for OB CO FIRM. Crew -elective uti- 

lization of the available DMS OSCOFIRM access to subsystem path for 
monitoring and control of critical subsystem functions. 

o Restriction to proven needs and a manageable degree of sophistication 
versus time. 

2 2.3.1.4 Orbiter Baseline Impact on Ground Support Software . The extensive on- 
board autonomy features of the baseline configuration considerably lessens the degiee 
of earl}^ sophistication and criticality of direct support softwai'c needed on the giound. 
This is true regardless of whether early vertical flight tests are manned or unmanned, 
although the latter alternative would significantly increase the degree to which software 
would be pacing overall shuttle system development. 


Functional requirements, sizing, and costing of ground support software are based 
on the selection of S-3A, off-the-shelf components, both in the DMjj/GN&C aieas and 
in the subsj^stem interfaces with the DMS. For this reason, S-3A concepts aie gener 
ally adopted for eai'ly contractor development, including the automatic test equipment 
approach to long-term ground maintenance of major avionics components. 

Although the baseline configuration postulates both dual and simplex versions of the 
S-3A 1832 computer, other inboard (CP and IOC) elements for these applications 
could be readily adapted from comparable, available systems. The S-3A input/output 
interface and associated communication scheme is basic to the approach and w^ould 
require modification to I/O designs if other machine elements are ultimately selected. 
In this connection, it is important to note that use of a higher -order language such as 
XCMS-2 is essential where such flexibility is required. Although other higher-order 
languages (such as SPL and HAL) may be as well or better suited , the baseline choice 
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of XGMS-2 is predicated on; (1) the recent, extensive improvements and iai'ge-scale 
application to the S-3A and other (AEGIS /RCA and LRA/Litton) Navy operational 
coJiimand and control systems; and (2) the availability of substantial, readily -applicable 
groimd support and on-board programs currently supporting the S-3A program. 

The consideration of other candidate computer systems will imply the development of 
a Code Generator to the UYK -7 -hosted, CMS-2 compiling system that will accommodate 
object code generation for the selected machine. The creation and insertion of a new 
’’target machine”, object code generator does not represent an uncharted path, since 
the CMS-2 system has been cozistantly expanding in this regard for more than a decade. 
Should the final computer selection also require software development in a ground 
computational facility other than the one now dedicated to S-3A, modifications would 
also be required to the Object Loader Program to ensure compatibility with CMS-2 
object output foi^mat and conventions. Although much can be written on this subject 
based on current S-3A experience and approaches, the nature and potential magnitude 
of the software problem for the shuttle warrants further study based on a finite set of; 
(1) possible trades with respect to the degree of centralized versus decentralized 
processing and control of subsystem functions; and (2) candidate computer systems 
and programming languages, both ground and vehicle. Because of the wide range of 

variables involved, including software support as well as hardware, comparison of 
candidate computer systems requires a most careful analysis. 

For the selected baseline and associated costizig of ground support sofhvare, utilization 
of existing S-3A programming languages and compilation facilities have been assumed 
in order to achieve the lowest cost and risk factors. Alternate costing is also supplied, 
wherein other existing, programming laimguages (such as HAL) are utilized along with 
ground computational facilities other than those presently used on S~3A. 

2.2, 3.2 Selec t ed Baseline Structure . The selected baseline structure for total shuttle 
system software is illustrated in Fig. 2«2-64* Sizing estimates in thousands of 32-bit 
words are given in the parenthesis apiJearing with each ma.jor area. Components 
comprising each of these areas are briefly described below. 
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2. 2. 3. 2. 1 Ground Support Programs . These programs are identifiable with the 
following facilities and basic functions: 

G Software Development Facility — initially run by contractor and turned 
over to NASA for MCC direct support operations prior to FVF. This 
facility (as SDF and MCCO provides the means of pre -flight and post- 
flight processing of orbiter vehicle tapes as required to support develop- 
ment (SIL), flight test, and operational activities (on-board DMS attd 
GN&C programs). This software includes; (1) compilers, assemblers, 
loaders, and necessary SDF operating system utilities; (2) system gener- 
ation program as required to build orbiter s^^stem tapes for various ground 
and in-flight uses; (3) post-mission data reduction program which inter- 
faces with on-board data extraction and ground recorded telemetry to 
permit mission reconstruction and analysis prior to subsequent flight. 

® System Integration Laboratory — initially run by contractor and turned over 
to NASA (perhaps as part of IvICC) for life -cycle -sustaining development 
support operations prior to first production velucle flight. This facility 
(as contractor -maintained SIL) provides: (1) necessary power, cooling, 
cabling , special test equipments , and physical mock-ups for component- , 
subsystem-, and system-level avionic s' test and integration; (2) develop- 
ment tool, integration test programs for each avionics subsystem as re- 
quired for initial, laboratorj^ -peculiar bench and integration levels of 
hardware testing; (3) an S-3A level of on-line, avionics equipment simu- 
lation capability; (4) a system test and early flight test data reduction pro- 
gram for use in contractor development -phase evaluations. This facility 
will have a dedicated laboratory computer facility (LCF) and computer 
interface unit (CIU) for-^direct on-line tie-in with on-board computers (DMS 
and GN&C) for purposes of avionics equipment simulation and stimulation 
under softwaj'e and manual (keyboard) control. The necessary operations 
system and utilities software for the LCF are also included in the total 
shuttle system software estimates. 

® Launch Control Complex — facilities for avionics -associated pre -launch 
cheeks and countdown related voice/data interfaces with on-board 
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instrumentation, communications, GN&C , and DMS subsj'stems. The 
shuttle -peculiar software for use at this facility is developed the con- 
tractor in cooperation with and at NASA -Kennedy, All necessary develop- 
ment support computer time and operating system software facilities are 
presumed GFE, including languages, compilers, and utilities. 


G Systems Development Simulation Facilities — located at NASA , Houston and 
devoted to avionics design-phase requirement definition/experimentation. 
Simulation software is primarily directed to GN&C functions and will com- 
plete model shuttle -peculiar flight control dynamics in conjunction with the 
baseline flight computers and associated man/maehine Interfaces.. For 
pui’poses of sizing and costing, all computer systems, associated support 
software, and operations personnel are assumed to be supplied GFM; 
however, estimated computer -hour costs are included as required for 
contractor development of avionics -related simulation software development. 


Avionics Maintenance Test Facilities ; presumably to be located at or near 
launch site, are assumed to employ auLomatie test equipment of the S-3A 
VAST type. This Integrated maintenance concept for the major avionics 
LRU’s will require the development of extensive test software for isolating 
faults down to pluggable card level. S-3A is cimrently developing such 
software for 65 WRAs (LRU equivalents). For baseline costing, a level 
of 80 shuttle avionics LRUs are assumed to be covered by this type of 
integrated ground maintenance. As of this writing, these I..RUS are not 
individually ider^tified and estimates are based on a 1.2 complexity factory 
with respect to r irnilar S-3A development. Although included for costing 
purposes, this software is assumed to be provided GFM and is not treated 
explicitly in the baseline software structure. 


Direct Support Software. A moi’e detailed description of those components of direct 
support software based on existing S-3A capabilities follows. Direct support software 
includes all preflight and post flight software systems necessary to develop and 
maintain mission software, generate mission software data bases and process the 
extracted mission event data. 
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o Compiler - Monitor System 2 Extended (XCMS-2) — the extended compiler - 
monitor system 2 provides support software services necessary for initial 
compilation and maintenance of mission subprograms. The UYK-7 based 
XCMS-2 system includes the MS-2 monitor, the CMS-2 compiler, a librarian, 
UYK-7 loaders, tape utility routines and a flow charter. The XCMS-2 com- 
piler is a three phased language processor that analyzes a users program 
and generates absolute or relocatable reentrant object code for the 1832. 

The UYK-7 and 1832 computers ai'e instruction -repertoire compati])le. 

® ULTRA/32 Macro Assembly Syst em — the ULTRA/32 Macro assembly 
system for the AN/UYK-7 computer is an independent, self-supportmg 
software system consisting of an assembler , loader , librarian and utilities ■ 
component which operates within the AN/UYK-7 executive environment. 

Each component represents an individual product which is interfaced with 
a system control program and a centralized input/output program. The 
assembler system products operates on the AN/UYK-7 computer and gener- 
ates object code for the AN/UYK-7 whicli is compatible witli the 1832 
computer. 

The Macro assembly system provides support softv^are services necessary 
for initial generation and maintenance of operational control subprograms 
(executive , initialization and recovery) , input/output controller chains , 
tn -flight performance monitoring subprograms (IFPM and data extraction) 
and system common routines. 

o Systems Generation (SYS GEN) — system generation is the process that 
■ enables the user to generate an 1832 operational software system tailored 
to the specific requirements of an installation by processing a master system 
librar^^ tape and a sefs^f installation control cards through the systems gener- 
ation progTam. The systems generation progTam design accommodates a 
number of independent systems, i.e. , operational progTam, sj^stem readiness 
test program, in-flight training program. The end product is a digital mag- 
netic tape unit (DMTU) cartridge with the tailored sofLvare recorded on 
tracks 3 and 5. 
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Each systems tape (DMTU cartridge) contains one or more independent 
program systems. A selection loader program provides a method for 
initialing the loading of any particular system into the 1832 main meinorv. 
The selection loader and each particular pi’ogram system loader rcferenc-cs 
tables built by SYS GEN for program system location in 1832 main memory 
and system segments contained on the systems tape. 

Each program system is comprised of one or more segments which contam 
instructions and/or data. Each of these segments is ’huilt” using output 
from one or more ULTRA/32 assemblies and/or XCMS-2 compilations. 

The contents of these segments are determined by the specifications input 
via the control card deck. 

Preflight Data Insertion — the preflight data insertion program operates 
at both the MCC and launch facility. This program generates, formats 
and records the mission-peculiar information and specific operational 
parameters on DMTU track 7. PreRight data is comprised of two raajoi' 
categories; 

1. Historical Data 

2. Modifiable Data 

Historical data comprises that data recorded for subsequent use by tho 
post-flight data reduction program. Hence, historical data items arc not 
loaded by the operational program loader. Historical data includeuS tbo 
following; 

1. Exercise Name 

2. Exercise Phase 

3. Operationar Commander 

4. Base Designation 

5. Month, Day, Year 

6. Scheduled Time of Lift-off or Take-off (ZULU) 
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Modifiable data includes configuration parameter data which may vary from 
mission to mission. The following categories of modifiable data arc identified: 

1. GN&C Preflight Parameters 

2. Communications LinJ-t MSFN Participating Unit List Parameters 

3. Communication Configuration Parameters 

4. Ultra High Ifrequency CH Frequency Assign Parameters 

5. Abort Parameters 

o Post -Miss ion Data Reduction - the post flight data reduction program 

operates in the carrier based computer center and reduces, for mission 
analysis and reconstruction, the mission event data that are extracted on 
DMTU tracks 2, 4 and 6 during a mission by the data extraction subprogram. 

Development Test Software . Development test software is associated with contractor 
SIL needs during initial avionics integration. Descriptions of the S-3A based programs 
included in the baseline configuration are given below, 

o Integration Test Programs ; before instaiiation of the avioriics system in 

the orbiter vehicle , each subsystem will be functionally checked as a single 
unit, operating in a totally integrated, laboratory environment. To provide 
this capability for controlled testing at a subsystem level, a set of integra- 
tion test programs are developed to enable the following functional 
capabilities, 

1. To verify the communication of each subsystem with the DMS 1832 
computer 

2. To test the functional capabilities of each subsystem by transmitting 
commands, by checking I/O, by requesting status words, and by 
checldng faqits which will be reported to the DMS as interrupts 

3. To provide sufficient information on-line (display or printout) 

to enable the test engineers to analyze hardware and/or software 
faults 

o Avionic Equipment Simulation System (A ESS) — an on-line avioriics equipment 
simulation capability, employing the LCF 1230 computer system, will include 
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dynamics model and device simulation modules for each major subsystem 
interfacing with the on-board 1832 computers. These capabilities are 
provided to permit: (1) early debugging of software in the 1832 with highly 
controlled but simulated avionics hardware interface dynamics (including 
fault insertion), (2) continuation of meaningful software integration in the 
absence of or malfunction of peripheral avionic equipments, (3) increased 
interface dynamics using' canned data generation, and (4) izicreased fault 
isolation capability tlirough on-the-spot software simulated test experiments. 

An early AESS capability at the contractor SIL is considered essential to 
economical verification testing and quality control. Also, this software 
system will form the basis for parallel development and support of the 
NASA Systems Development Simulation Facilities at Houston. 

o Development Test Data Reduction and Analysis Program — the test data 
reduction and analysis program (DRAP) will consist of subsystem analysis 
programs, written as the need arises. At minimum the basic DRAP will 
consist of a chronological print of events , navigational data plots , and data 
which is to be stored in a data bank for historical purposes. 

o Utility Programs ~~ a minimum SIL-located-1832 operating system utility 
package which is peculiar to Shuttle avionics test and integration needs will 


consist of the following: 

1. 

Loader 

2. 

Corrector 

3. 

Recorder 

4. 

Debugging aids 

5. 

I/O routines 


2.2, 3, 3 Orbiter Vehicle Software . As shown in Fig. 2,2-64, Orbiter Vehicle Software 
consists of those programs whioli operate in the tv'o 1832 computers included in the 
Mark I Avionics Baseline, Since GN&C dedicated functions are also included as ’’GN&C 
backup" under the DMS software hierarchy of Fig. 2,2-65, separate discussion is not 
necessary. 
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Fig» 2,2~65 Mark I Baseline DMS Software Configuration 


Data management subsystem software is divided into System Test (OBCOFIRM) and 
Operational Ibrograms. 


2. 2. 3. 3.1 System Test Programs. As part of the on-board software, System Test 
Programs are required to establish the operational readiness of the Oi’biter avionics 
system during preflight and to provide a capability to isolate system failures to a 
LRU level. To meet these requirements, a set of System Readiness Test (SRT) 
subprogi'ams and a set of Diagnostic Test (DT) subprograms are provided. These 
progi'ams operate under a test controller program that is independent of the normal 
operational system executive. A brief description of the functional requirements for 
the SRT and subprograms is given below. 

o System Readiness Test Subprograms - The SRT subprograms are designed 
for operation during prelaunch and will consist of tests that enable the 
go -no/go status determination of each DMS interfacing subsystem. Upon 
detection of a no /go status each SRT shall exit to the System Test Controller 
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to provide an operator option for the selection of appropriate dianostics to 
enable isolation of an occurring fault to a LRU level. 

o Diagnostic Test Subprograms - The DT subprograms are designed to detect 
and isolate system malfunctions to the non-ambiguous LRU within each 
avionics subsystem that interfaces with the DMS. In some subsystems, 
isolation to the quick replaceable assembly (QRA) is provided. DT sub- 
programs will consist of several test routines and, where applicable, 
arranged in a unique order or sequence. The DT subprogram will isolate 
the malfunctions within each avionics subsystem by having the DMS test 
the operational functions, initiate active BITE circuitry, or cue the operator 
via the MPD to initiate manual BITE circuitry. The DT subprograms are 
capable of providing amplified, plain language information to the crew 
regarding functional capabilities remaining and may be selectively utilized 
during extended orbit operations to determine and implement appropriate 
degraded submodes available within operational software and equipment 
provisions. 

2.2. 3. 3.2 Operational Programs . Orb iter Operational Programs include all 
instructions and data executable on or used by the DMS 1832 in performing the Shuttle 
mission. This software initially I’esides on the Digital Magnetic Tape Units (DMTU) 
and is loaded into main memory and onto magnetic drum storage (MDS) for execution 
during various phases of the mission. The tlmee general types of subprograms com- 
prising the Operation Progi’ams are: Common Control and Services, Subsystems 
Operations Support, and System Management Aids. Brief descriptions of these pro- 
grams are given below. 

Common Conti’ol and Services . The programs, as listed in Fig. 2<,2-65, consist 
of the following; 

o EXEC . The Executive, Initializa.tion and Recovery Subprograms consist 
of those z’ou tines which direct and coordinate the operation of DMS task- 
state programs , initialize the operati ng system (hardware and software) 
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/ij-sti't-up, and provide for the reinitialization of the operating system 
the ASW mission operation. Major executive components include 
the- 'h.' V* w i ng r 

> , Scheduling Component - Schedules tasks (task mission subimogram 
tasks) for subsequent priority ordered execution. 

Dispatcher Component - Selects the highest priority task awaiting 
execution, establishes its operating enviromnent, and releases 
control to the selected task. 

Retrieval -Allocation Components - Obtains task mission sub- 
programs and data, as required, from the drum and d^mamically 
allocates core memory to the retrieved task, 

, Interrupt Component - Provides default or processing options for 
various equipment and software conditions. Provides entrance 
and control for Input/Output operations and Executive Service 
Requests (ESRs). 

f;. Executive Service Request Component - Enables subprogram tasks 
to gain the attention of the executive to provide for communication 
between tasks, initiation of input/output operation, scheduling of 
other tasks, and activation of various executive service functions. 

Centralized Input/Qutput Component - Provides queuing for device 
and channel requests, reduction of monitor interrupts, wait/no-wait 
and scheduling of other task options, and a framework of control 
for subsystem errors. 

y. Initialization and Recovei\y Subprogram - The initialization com- 
ponent of the^nitiaiization and Recovery Subprogram provides for 
initialization of both hardware (1832 and all interfacing subsystems) 
and associated software upon initial system load, operator request, 
or as a result of system recovery. 

© r>i splay . The CRT display program processes data to be presented to 

jj,i. r-rew in symbolic form. All data presentations are categorized into 
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one of two genei'al types: either data presentation in the form of alpha- 
numeric or data presentation in the form of diagrams , graphs or pictorial 
video. These two categories of data are referred to as peripheral data 
and plot data, respectively. Display control routines are provided for use 
by other functional tasks as required, and for manual selection by the dis- 
play operator. Display operator control functions are assigned to pro- 
grammable switch matrices which ai*e grouped into several categories. 

o Keyset Processing and Control (KEYPAC) — The Keyset Processing and 
Control Subprogram services the Integrated Control Subsystem (INCOS) 
which provides the crew with the capability of exercising control over the s 
system by translating operator decisions and actions into a digital form 
for input to the DMS and action by the Mission Subprograms, The function 
activation signals are received by the 1832 on an interrupt basis from the 
INCOS whenever a switch is depressed. 

o In-Flight Performance Monitoring (IFPM) — The IFPM program monitors 
the performance of the avionics subsystems throughout the mission and, 
upon malfunction detection, identifies the failed subsystem and informs the 
Executive program of this identity. The IFPM program comprises 
the following elements: 

1. GPDC Self-Test 

2. BITE Monitoring and Maintenance System Status Tableau 

3. Active BITE Initiation 

o Data Extraction (PEP) ~ The Data Extraction program is responsible for 
recording, in a predefined format, data pertinent to the Shuttle mission. 
This information is recorded on the DMTU to relieve manual recording 
by the crew and to assist in mission reconstruction. Collected mission 
data is processed by the Post-I"light Data Reduction Subprogram. At 
minimum, the program initiates data extraction at the following times: 

1. Initial Inventories and Equipment Status (Tableaux) 

2. Periodically to record GN&C flight dynamics parameters 

3. Upon the occurrence of a defined event 

4. Whenever an operator requests extraction of a displayed tableau. 
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o Catalog Procedures /Data Callup — This program provides for storage 
and retrieval of text and symbolic data for use by the crew in performing 
troubleshooting and mission planning functions. 

2.2,3, 3. 3 Subsystem Operations and Support Programs . These programs , as 
shown in Fig. 2.2-65, consist of the following: 

° GNfcC Baclmp — The GN&C Backup program operating with the Inertial 
Navigation System, the Flight Display System, TACAN, Central Air Data 
System, Radar Altimeter and other flight sensors to perform the following 
functions: 

1. Maintains shuttle position in geographic and vehicle reference frames. 

2. Maintains a stabilized GN&C baclcup display upon request. 

3. Displays tabular GN&C parametei's when invoked. 

4. Permits manual entry and modification of GN&C parameters. 

5. Calculates and optionally provides steering commands to the Automatic 
Flight Control System and Horizontal Situation Indicators. These 
commands direct the aircraft to selected geographical points of 
reference. This program is constantly operating in real-time but 

is invoked only upon failure or degradation of the GN&C computer 
system. 

o Communications P rocessing and Control (COMPAQ) — The Communication 
Processing and Control program provides for a computer-aided operation 
of the UHP radios and intercom system. Switching logic for radio sets 
and intercom is so mechanized that the operator has the option of complete 
manual control or computer -assisted control of voice communications. The 
Communication. Man/jtgement functions provide the operator with assistance 
in selecting the correct radio frequencies for various flight situations in 
accordance with effective communication plans entered into the program 
for each mission. Operating in conjunction with the S-Ba.nd Voice/data 
llnic, the Commumcation Processing and Control Subprogram performs the 
decoding and work formatting required to permit the orbiter to communi- 
cate via the Link as a picket unit or as a Data Net Control Unit (DNCU). 
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0 Instrumentation Processing and Control (IPAC) . This program pi'ovides 
for selected data point, limit check processing, and message encoding for 
data transmission via the PCM down link. 

o Track and Plot . These programs operate independently of the GN&C real- 
time backup program to provide optional pilotii:^ aids and are drawn from 
the GN&C repertoire of available routines which are non-flight- critical, 

2. 2. 3. 3.4 System Management Aids . Baseline DMS software functions in this 
category consist of the following: 

Q Abort Caution and Response Cue s based on prefUght inserted parameters. 
Provides preplanned mechanisms for software/hardware reconfiguration 
necessarj'^ for proper abort procedures 

Electrical Power Management in accordance with preplanned, algorithmic 
formulation and sensed power consumption and source status. Maj^ be over- 
ridden by manual intervention at any time. Aiso presents manual response 
cues at selected breakpoints for crew verification prior to executing configura- 
tion changes . 

o Environmental Control System. Cautions and alerts. Provides current 
inventory data on consumables and preplanned checklist and control 
procedures. 

o CG Determination . Based on. sensed expendables data and/or operator input. 

o Redundancy Management . Aids in the form of cautions, alerts, and alternate 
reconfigurations available. These aids are based on periodic examination of 
the system status table (maintained by IFPM and Executive programs) , trend 
anal^^sis, and stored information on all possible data and control paths. 

c Operations Seciuencing . Aids are provided for limited automatic sequencing 
of system operations and reconfiguration. Fi'equent breakpoints for manual 
crew verification or override prior to further sequencing. 
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2. 2. 3.4 Development and Integration. A systematic and controlled sequence of soft- 
ware development leading to the timely, economical satisfaction of system requirements 
is an obvious crucial task of the shuttle program. No facet of systems development in 
recent years has received more attention in hindsight than this most difficult task. 

For highly integrated sj^stems such as shuttle, software integration becomes nearly 
synonomous with systems integration and thus necessitates a corresponding emphasis 
on planning and coordination spanning a broad spectrum of technical detail. 

This realization was registered in S-3A facilities planning accomplished during the 
proposal period and in the preparation for and conduct of the second Software Design 
Review. Out of these early and extensive efforts to define the necessary facilities 
and capabilities for software integration testing, a compatible set of detailed objectives, 
plans and controls were formulated in pursuit of a sure-footed, step-by-step achievement 
of the program milestones. An examination of the software integration problem 
afforded by this brief study suggest a similar approach for the shuttle. 

For the orbiter avionics system, an extensive parallel Row of design and development 
effort threatens to produce a critical bottleneck at integration. Because softwai'e, 
unlike hardware, must intimately incorporate a total system design at an early stage 
and yet be volatile enough at later stages to adjust to discovered component and system 
level idiosyncrasies, its development requires a special view of the integration process. 
From the viewpoint of software, integration consists of a series of controlled experi- 
ments with which to determine what really produces desired results and what does not. 
The "debug" process is literally a planned "design tuning" process, hopefully under 
laboratory -controlled conditions at all times. Properly considered software test 
requirements therefore have a healthy influence on test design and, for the shuttle, must 
play the major role in determining the methodology and sequence of testing. 

These considerations have been developed in detail by Lockheed Electronics Company 
personnel working closely with MSC as is reflected in Lvo recent reports: "Space 
Systems Integration Laboratory Development Study," dated October 1971, and "Space 
Shuttle Simulation Program Draft Report," dated November 1, 1971. 
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In keeping with the facilities descriptions and discussions given in preceding paragraphs , 
the baseline software development and integration concepts drawn from this stud}’^ may 
be succinctly described by the diagrams of Figs. 2„2-66 and 2,2-67, 

2.2.3. 5 Conclusions. As a long-life, reusable, multipurpose, combined aircraft/ 
spacecraft, the shuttle vehicle imposes an unusually high degree of onboard reliability 
and complexity in the areas of instrumentation and controls essential for thorough 
pre flight checkout and in-flight safetj^. The number of potentially critical data points 
and amount of annunciation necessary to cover a reasonable spectrum of ’’Mission 
Success" and "Safe" requirements, when combined with the speed with which the 
flight situation can deteriorate, will certainly exceed the human, manual envelope. 

Total dependence on hardwired annunciation, manual sequencing and parallel instru- 
mentation for data point collection and conditioning for GSE tie-in or downlink telemetry 
transmission would result in an unwieldy, costly proliferation of test and status equip- 
ments on the one hand, and a massive amount of electrical wiring on the other. 

The S-3A concepts and configuration for data management, displays and controls, 
and BITE oriented onboard checkout and in-flight performance monitoring are especially 
well suited to the combined aircraft/ spacecraft features of the shuttle vehicle. 

As for the disadvantages of a "data bus" in terms of the complexity introduced, it is 
stressed that the S-3A DMS/SIU communications scheme is not a "bus" in that it does 
not act as a general relay medium for lateral signal communications between many 
low-level components in the system and does not, therefore, present a supercritical 
path from the viewpoint of flight safety or mission success reliability. 

The approach generally abounds with flexibilify, j^et offers a number of hard and proven 
points of departure. To the extent that the DMS and programmable controls/displays 
features of S-3A are applied.^^ the approach is especially amenable to ground simula- 
tion. During the approximate period of two years allowable prior to commitment to 
detailed designs for S/C avionics, much could be learned from .such simulation in 
support of trades anal^^sis and software .requirements definition/development. The 
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shortening and removal of overlap of successive development spans avoids difficult 
to manage and potentially wasteful periods of heavy peak activity and permits more 
careful analysis, both for initial design choices and for later changes necessary to 
resolve encountered problems. 

Application of the S-3A management experience with large scale, command and control 
software/hardware development and integration can also be employed to advantage. 
Successfuify applied, prime contractor teclmiques for parallel integration of this type 
of multiple vendor/facility activity are worthy of repetition and many of the personnel, 
plans, facilities and i^rocediires can be applied in a direct and timely manner. The 
S-3A Software Development Plan, for example, is readily translatable to the shuttle 
program. It is suggested that such a translation represents one of the logical next 
steps in the further pursuit of this alternative. 
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2o3 DELTA mPACT FOR FIRST VERTICAL FLIGHT- UNMANNED 

The delta impact of performing the first vertical flight (unmanned) was determined by 
identifying those requirements unique to the unmanned vehicle and, then, estimating 
the additional equipment, software, testing, training, and modifications plus schedule 
impacts. It was assumed that the unmanned flight would have the same basic complement 
of Mark I Orbiter avionics onboard as for the manned flight in order to evaluate equip- 
ment performance as well as vehicle performance. 

The primary change in requirements is to automate all onboard functions or, as a 
minimum, provide for remote control originating from the ground or from a chase plane. 
In addition, provisions for monitoring the equipment performance during unmanned 
flights will be furnished. Range safety requirements impose the need for a command- 
destruct receiver onboard the vehicle. 

Automatic control provisions for nonavionic functions (e. g. ABES deployment/s tart/ 
propellant control, landing gear deployment, hydraulic power control, time noncritical 
redundancy management) and for expanded guidaiice capability to perforin aerodynamics 
flight-path steering were estimated to cost $3 million. In addition, another $3 million 
cost for TV cameras, video recorders, lighting, and a command-de struct system was 
estimated. 

Additional software development was estimated as follows: 

Orbiter 90K Words for onboard automation 

LCC 40K Words for increased checkout 

MCC 160K Words for increased monitor/control/data handling 

Total 290K Words 

A backup "drone control" mode, using ground controllers and a chase plane, will incur 
additional costs as follows: 

Conti'oller training at two stations $l6.0M-yr 

Chase plane equipment modification $0. 5M 

Chase plane operation $0. 3M 
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Ten additional two-hour horizontal flights for verification and demonstration of system 
operation are estimated to cost an additional $1 million. 

The delta cost for first vertical flight (unmanned) is then? 


Orbiter equipment 

$ 6.0M 

Software 

8.7 

Horizontal flight tests 

1.0 

Gromid support/installation 

5.9 


$21. 6M 


No schedule impact is anticipated if the decision to fly unmanned is made at the start 
of the program. The design and development of automatic onboard systems can be 
performed within the available time span. Additional software development for auto- 
matic capability means an earlier program commitment to what otherwise would be a 
Mark II capability. Flying unmanned represents a decreased risk to the orbiter crew 
but an increased risk to the vehicle and program, since no man is onboard to make 
critical real-time decisions in cases of emergency. 
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2. 4 ^^ARK II AVIONICS SYSTEM 

Evolution from the Mark I baseline avionics system to the second generation Mark II 
capabilities will involve basic improvements to subsystem performance, safety and 
reliability improvements, and expanded software capabilities. Performance and 
hardware/software quality improvements applicable to Mark II are currently in pi'ogress 
as advanced technology developments under various NASA, Department of Defense, and 
industry-wide funded programs. These will pi'ovide improvements for the Guidance, 
Navigation, atid Control Sj/^stem (GN&C), Control and Display, Communications and 
Tracking, Instrumentation, Electrical Power, and Data Management and Checkout, . 

Fault Isolation, and Redundancy Management (COFIRM) systems as extensions to the 
Mark I baseline. Improvements will reduce the Mark I operating costs sufficiently to 
more than pay for the estimated nonrecurring costs for Mark II. This is accomplished 
largely by onboard orbiter navigation improvements and the full onboard autonomy of 
COFIRM which considerably reduce Mission Control Center and remote ground station 
operations and associated costs. 

2,4. 1 Mark II Orbiter Avionics Projection 

^ 4 

Projections of the Mark II avionic system changes from the Mark I baseline (Table 2.4-1) 
have been confined to within a 40 to 50 percent nonrecurring cost allowance over that of 
Mark I, Desired gross subsystem performance and quality improvements were identified 
and cost estimates prepared. Similarly, the increased software requirements corre- 
sponding primarily to an expanded role for the data management system have been esti- 
mated. These investigations show that the desired additions and improvements are well 
within the allowable cost growth. Projected cost and schedule impact of the Mark II 
avionics system development are'tliscussed in further detail in the subsequent Section 2,5. 

2.4. .1. 1 Mark II Orbiter Guidance, Navigation, and Control (GN&C). Except for the 
automatic docking and rendezvous with uncooperative target requirements, the Mark I 
Guidance, Navigation, and Control subsystem meets all space shuttle avionics require- 
ments (as defined in MSC 04075B, including autonomous navigation and automatic 
approach and landing capabilities). 
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Table 2<,4-l 


MARK II AVIONICS CHANGES 


Item 

Changes 

Subsystems 


Guidance, Navigation, 
and Control (GN&C) 

Improve performance and quality of 
equipment; accui’acy improvements 
reduce ACPS, AV propellant use and 
reduces reentrj’' dispersions. 

Control and Display 

Add area navigation/autoland CRT 
display. 

Communications & Tracking 

Improve performaiice and quality of 
equipment. 

Instrumentation 

Improve performance and quality of 
equipment. 

Electrical Power 

Provide 5000 hour life fuel cell. 
Improve performance and quality of 
equipment. 

Data Management, Checkout, 
Fault Isolation & Redundancy 
Management (CO FIRM) 

Increase onboard COFIRM for nearly 
complete autonomy for both avionics 
and non-avionics. 

Software 

Performance of fimctional operations 
through software instead of hardware 
could significantly increase mission 
flexibility and decrease chtmge 
reaction time. 


Greater reliance on software in flight 
controls and COFIRM will require 
advanced management teclniiques. 

Orbiter 


Mark I Equipment Deletions 

Horizon sensor and orbit altimeter. 

Tracking Satellite 

Used to augment navigation. 

On-Board Navigation^ Data 
Management and COFIRM 
Im pro vements 

Minimize dependence on ground 
control and remote stations. 


Safety /Reliability Improved quality of equipment will 

" increase probability of mission 

success and enhance safety. 


More autonomous fault isolation and 
redundancy mangement will reduce 
crew v/orkload and decrease correc- 
tive action time. 

2,4-2 

LOCKHEED MISSILES Qt SPACE COMPANY 










LMSC-A995931 
Vol tl, Pt 4 


The Mark II GN&C subsystem as proposed in this study will be changed in the following 
areas: 


o 


Equipment will be upgraded to meet space environments ajid to improve 
performance, accuracy, and quality. Redesigning and requalifying equipment 
will reduce the avionics equipment imposed requirements for pressurized 
equipment bay volume and forced air cooling. 

Decreased gyro drifts and accelerometer biases will reduce software and test 
requirements and could result in a reduction in propellant loading require- 
ments, thus resulting in more accurate guidance and navigational capabilities. 
Improved equipment qualitj^ will improve crew safety aspects and the probability 
of mission success, and operational costs will be reduced. The ability to 
reduce failures and increase time between preventative- types of maintenance 
will reduce the need for replacement of equipment. 

Equipment affected would include the horizon sensor, the inertial measurement 
unit (IMU), and the digital computer. The new horizon sensor (such as the 
Quantic Model IV) will have an altitude accuracy capability of at least three 
times better than the Mark I (Barnes 13-166) unit. 


An IMU candidate is the dodecahedron (six- skewed gyro) unit which theoretically 
increases the reliability of the IMU system by a factor of ten over a triply 
redundant three- axes system. The six-pack will also allow voting by axis for 
failures beyond the first, whereas with the triply redundant IMU voting in any 
given axis is not possible after the first failure in that axis. 


For Mark II vehicles, a fourth- generation computer (such as the Magic 362, 

CDG 469 or the GE CP24A) would replace the Univac 1832 machine. (Alter- 
natively, a smaller, lighter Univac machine could be employed. ) As shown in 
tabular form under Section 2, of par. 2.2. 1. 1. 2, significant reduction in weight 
and power (about a factor of five) can be achieved. Discussions with the sup- 
pliers indicate that the unit cost could also be reduced by one-fifth ($100K vs 
$500K). The cost of developing and validating new software, however, would 
decrease the price advantage. 


G Combining aircraft and spacecraft flight control functions in the digital GN&C 
computer would eliminate a significant amount of equipment for use in the 
Mark I GN&C system. The primary flight control and automatic flight control 
computers (ten in all) could be replaced with simple servo- amplifiers, with 
conti’ol lav/ computations being digitally performed. The three A CPS and three 
thrust vector control (TVC) electronics packages can be simplified to thruster 
drivers (Schmitt triggers and power stage) and servo amplifiers, respectively. 
All control logic and coihputations (gain scheduling, deadbands, and compensa- 
tion) can be performed in the digital computer. 

To offset the reduction of the analog dedicated flight control equipment, at least 
one additional level of computer redundancy should be considered. 


0 Use of tracking satellites to navigate would reduce sensor requirements. The 
horizon sensor and orbit altimeter could be eliminated, leaving only the preci- 
sion ranging system (range, range rate and line of sight) and a stai’ tracker, 
together v/ith an inertial, measurement unit (with appropriate redundancies) as 


2.4-3 


LOCKHEED MISSILES & SPACE COMPANY 



LMSC-A995931 
Vol n, Pt 4 


tile 'i^omplete complement of navigational sensors for ascent and orbital use, 
T-CAN used on Mark T for approach navigation and the scanning beam ILS used 
for landing could also be deleted (or amount of redundancy reduced) through the 
use of the PRS and ground transponders. 

G Prc’^isions for automatic docking and rendezvous capability with uncooperative 
tajrr:ets could be added; however, these capabilities were not proposed in the 
stuc^' due to a lack of mission definition. Both capabilities could be added by 
inclinding radar (either microwave or laser) that exists in various stages of 
devrsi/opment today. By the time equipment is irequired for Mark II, it is 
exre^cted that lower weight, lower power, multipurpose radar will be available 
for shuttle use. 

In emch case (except for the addition of automatic docking and uncooperative 
tar^'et rendezvous) the changes proposed for the Mark II program are of an 
ewckutionary nature, rather than abrupt changes in concept and capabilities. 


2. 4. 1, 2 Ccmmunications and Tracking. The area of communications system develop- 
ment is particularly in a dynamic stage of grovdh on an industry-wide basis as a result 
of cooperatA”e informationally-sponsored satellite and ground communications systems 
developmeni: and bandwidth limitations facing future operations and high interest in lasei" 
technology^ Baseline Apollo-type S5^stem improvements can be anticipated as a result 
of technoloe;;- improvements, as well as several "near-at-hand” breakthroughs that will 
offer opportrunities for significant operational technique and hardware performance 
capability improvements. The major area of anticipated new technology developments 
affecting Ma_rk II operational flight communications and tracking appears to be in the 
area of laser’ concepts and applications, potential laser communications hardware 
developmenr,; and satellite networks planned for communications applications that will 
become oper’ational in time for Mark EE use. Also, operational technique improvements 
will enable even less dependence on remote ground stations by use of direct, real-time 
contact with lb.e MCC via communications network relay, e. g. , synchronous equatorial 
satellites in. rine-of- sight of the space shuttle, each other, and the ground station at 
all times to .'nliminate remote station data readout and readin functional requirements. 

Except in the broad-base general sense, no attempt has been made to project or 
extensively &'valuate the impact of these m.ajor changes to the existing Apollo-type 
communicatijsjns and tracking capabilities other than using more conventional technology 
state-of-the-art advances in tlie hardware concept as a base of estimation for evolution 
to the Mark. U from Mark I design. Technological advances in this area may provide a 
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tangible basis for considerable simplification, performance improvement, and quality 
increases, with accompanying cost reductions beyond those presently anticipated. 

For purposes of this study, a more conservative approach has been taken in projection 
of the Mark I to Mark II evolution on tlae basis of present technological experience. 
Hence, tiie anticipated level of delta costs for communications system improvement has 
been statistically calculated at approximately $5 million. 

General improvements in current technology, performance, and quality can be more 
optimistically viewed as achievable by the Mark II flight data as a result of industry- 
wide advancements — both under NASA/DoD contracts and as a result of concentrated 
independent development. For exaniple, considerable work has been pei formed by 
LMSC alone over the past two years for demonstration (laboratory) of ultra- wideband 
optical communications (UVi^OC) electronics for source modulation and receiver 
detection and discrimination. High performance was demonstrated in the 1 to 2 GHz 
bandwidths. Work performed in optical systems for UWOC has included development 
of widebank modulators, and solid state devices for optical frequency up- conversion. 

Practical commtmications and tracking systems (including navigation and navigation 
aids) using laser teclmolog^s including work performed in conjunction with the Apollo 
program, may considerably change the Mark II subsystem development approach in 
this area as these fields reach maturity and are flight-qualified in other applications. 


2. 4. 1. 2. 1 Mark 11 Communications. The communications equipment for the Mark II 
orbiter will remain essentially the same. The S— band equipment will be modified 
to be compatible with S-3A BITE configurations, and all elements will be updated to 
incorporate new technology where performance or reliability ma^^ be improved. 

2 . 4. 1. 3 Electrical Power (Mark II) . The Mark II orbiter will use the basic Mark I 
electrical power system functional components and electrical inter-relationship between 
these components. The location of components and their physical description will 
change with tlie following proposed component performance improvem.ents. These are 
described below. 
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^ Fuel Cell, The fuel cell design life will be extended from 2000 to 5000 hours 
through a development program that will add to the initial development program 
A 2000“hours demonstration program on \he Mark II design will limit costs 
to less than 50 percent of the Mark I design development cost, 

o Cryogenic Storage System, Improvements are anticipated in insulation 

efficiency and ancillary controls, but the Mark I tank selection and development 
will not be repeated for Mark II. 

o Static Inverters, Static AC inverters will be developed to provide the 
desired module size and reduced weight. 

o Transformer-Rectifiers and Generator Control Units, These Mark I aircraft 
designs will be modified to cold plate cooling and vacuum operation to provide 
freedom of space allocation in the Mark II orbiter. 

© Power Switching. The application of solid-state s witch/ circuit breal^er units 
able to handle higher currents and provide increased circuit protection 
capability will be increased. 

o EPS/DMS Interface, The control of the power system will be modified to 

incorporate increased computer control of on-board checkout, of power system 
operation, sequencing, and both normal and emergency configuration control. 
EPS equipments will be modified to interface with this increased computer 
control capability. ? 

2, 4. 1. 4 Mark II Control and Display Configuration, The basic S-3A data management 
S5"stem and interface units are Included in the recommended LMSC baseline. This 
pro\ddes an initial Mark I control and display capability which, for the most part, is 
compatible with and sufficiently flexible for the projected Mark II configuration. 

Major capability improvement envisioned for Mark II is in the area of software and 
the extension of certain "automated or programmed" functions, thus further offloading 
woidiload from the crew. Representative software cajJabiUty recommended for 
growth from Mark I to Mark II include the following; 
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o Increased software sequencing of control functions 
o More automated vehicle configuration 

o Increased onboard mission planning through computer operation 
0 Increased payload operations planning for complex missions 
G Greater consumables management computer analysis 

It is expected that the control and display devices currently planned for Mark I will 
be sufficiently flexible to accommodate this increased software capability. The only 
equipment growth anticipated for Mark II is the addition of area navigation (RNAV) 
controls and displays. The prime operational applications of area navigation permit 
reduction of flight distance between two points in a route structure; preorganized 
arrival and departure flight paths in terminal areas, reducing pilot and controller 
workload; and permit instrument approaches pvithin limitations) to airports and 
runways not equipped with landing aids. Considering tlie number of flights per year, 
normal ferry operations between deorbit landing sites and refurbishment centers, 
and potential abort situations, area navigation is a capability very likely to be 
incorporated in the Mark I orbiter. 

The RNAV CRTs and the existing DGU can also perform ancillary functions such 
as the following: 

o Orbit map displays 

G Complex rendezvous and docking maneuver plots 
o Backup for the MDU subsystem display (CRT) 

© Ancillary source for displaying computer calculations requested by the crewman 
o Addition source for pz'ocedures display, abort, COFIRM, operations, payload, etc. 

Figure 2o4~l illustrates the gemeral configuration of the control and display units (2) and 
the electronic map display unit. Growth volume was provided in the Mark I main 
instrument paJiel layout for the possible inclusion of these mstmments. V%en the RNAV 
is combined with the autopilot/ autoland subsystem, considerable capability exists for 
inclement weather operations for atmospheric flight. 
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2.4. 1.5 Mark II Data Management and Onboard Checkout . The DMS grows in 
capability'' through the various phases of Mark I to the operational Mark n, as shoiv'n 
in Table 2. 4-2. While the Mark I systejn is largely passive (except in the area of 
electrical power control and onboard, checkout), the operational Mai'k II system talics 
an actwe part in ail phases of effective mission accomplishment. Hardware and 
software additions and modifications are required for the increased capabilities. 
Hardware growth requires tiie necessary modification to SIUs to allow control as 
well as monitoring of non-a\donic subsystems. Manual overrides are retained on 
flight-critical fuiictions. Addition of control and monitoring capability will extend 
automatic checkout to tlie interfaced subsystems with an attendant reduction in 
ground support. It is anticipated that with the additional onboard capability witii the 
Mark EE DMS configuration, ground-based mission support can eventually be reduced 
to one central station at Cape Kennedy. 

Table 2,4-2 

DMS FUNCTION PHASING 


Pause 

— 
Mark I 

M.ark 17 

Func 

HFT 

V FT 

OPNL 

Instrumentation Control 

e 

o 

o 

0 

Onboard CO/Ft 

•o 

o 

o 

o 

Programmed Display Control 

o 

o 

o 

o 

Maintenance Data Log 

o 

0 

o 

o 

Electrical Power Control 

o 

0 

o 

o 

Abort Warning Computation 

o 

o 

o 

o 

Avionics Sequencuig and Configuration 

& 

o 

o 

o 

Guidance/Nav. Computation 


0 

o 

o 

Mission Adininistratioa Log 


0 

o 

o 

Overall CO/FIA^.M 


0 

o 

o 

Automatic Configuration Control 



0 

o 

Consum allies Management 



o 

o 

Rendezvous Computation 



0 

o 

Payload Management 




o 

Nonavionics Sequencing and Control 




o 

A/C and S/C Flight Control 




o 

Mission Planning 




o 


o First Usu(;e 
o Subsequent Usance 
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2,4* 1, 6 Mark II Instrumentation * The instrumentation subsystem of the Mark II oibiter 
will foUow the same philosophy as that of Mark I, being controlled by the DMS, with the 
DFI being an overlay up through the first level of multiplexing. Because of tlie projected 
greater integration of control avionics, it is estimated that the operational instrumentation 
load will not increase. 

2.4.2 Ground Support Equipment Mark H 

The electrical ground support equipment utilized in the Mark I shuttle avionics system 
interfaces in Mark II with a shuttle system that has (1) an increase in command capability 
over each avionics subsystem and (2) a data management system that has extended its 
control and checkout capabilities to all shuttle systems at each subsystem test to effect 
the desired rapid two weeks turnaround schedule. Checkout and fault isolation of the 
line replaceable units for maintenance and checkout will still be accomplished in the 
avionics subsystem test laboratory witli parallel, onboard, circuit troubleshooting* as 
required. The bench test equipment will be similar to that used on the Mark I program 
with tiie significant changes centering around the modi ficafion/replacement required 
of the test equipment to match the increased capability of the Mark II sliuttle components. 

Electrical ground support equipment for integrated systems checkout and launch will 
undergo a relatively small change. The Launch Control Complex (LCC) equipment 
wiU be quite similar to the previous Mark I program, with significant changes being 
attributed to the software programs needed to accommodate the inclusion of the testing 
and monitoring of the nonavionic shuttle systems. The major impact is expected to be 
a reduction in manual control from the cockpit resulting from expanded automatic DMS 
control capability which can be exercised by the LCC through the orbiter DMS. 
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2.4.3 Max’k II Software 


Emphasis is pla.ced on extending DMS and software functions to provide improved 
capability of a level which may be readily justified as logical and reasonable growth. 
As operational phases of the shuttle system approach realization, it is assumed that 
plans will be laid for providing additional assistance to the crew in performing 
what must eventually become routine operations. The progressive introduction of 
additional mission capabilities and pa 3 doads will inevitably increase crew training 
and possible on-board mode/procedure proliferation to a point where extensive 
comi:)uter- aided activity is a necessity. 


For these reasons, Mark I vehicles should be progressively^ updated witii respect to 
DMS/ software capability at planned intervals of 18 months. This span of time 
has been found to be an almost forced necessity in operational command and control 
software applications of any significant scale (NAVY P-S, for example) because of 


tne iiievitaoie inijiieiuenis that go with extensive test and usage. The capabilitico 
listed in Table 2, 4-3 for Mark II represent an initial, planned target for a point in 
time 36 months after FMOF. The content of the first, 18-month increment directed 
toward this target is best left to subsequent detailed planning. A representative, 
on-board software configuration showing major subprogram components is illustrated 
in Table 2.4-2. Subprograms which have lesser versions available for EHFT (Cl) 
AND EVFT (C2) are so identified. As with progressive hardware development, ^uid 
perhaps more so with software, it is important at the onset that possible intermediate 
and ultimate DMS capability objectives be understood. This is essential for proper 
machine selection and early control program design. 


At the stage of the shuttle program being addressed, the need for in-depth training 
of multiple crews is an item of major concern. The flexibilities of the proposed 
DMS with regard to simulation offers aii especially good approach to this problem. 
On-board crew training aids can be as nominal or substantial as one wishes to make 
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Table 2.4-3 

SOFTWARE FUNCTIONS EFFECTIVITY 



C2, C3(I0-I6K 

I POST FLIGHT DATA 
RLDUCTION PROGRAM 


Cl, C;, C3 
SUBSYSTEMS diag- 
nostic PROGR/SMS 


KEY SET PROCESSING AND 
CONTROL PROGRAM 

Ci, CJ, C3(_?>C1. 
MISSION DATA 
extraction program 


SYSTEM management I 
PROGRAM 

C2. C3‘'R0-lBC>i) 

SUBSYSTEM MISSION 
OPERATIONS PROGRAMS 


NUMBERS IN parentheses 

ARE DELIVERED INSTRUCTlONS/DATA 

IN THOUSANDS Of 32 6IT WORDS 


Cl » EHFT 


C2= EVFT 


C3 • LVR/MK II 
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them but, in the instance of a general-purpose, long-life space shuttle, it is assumed 
that an ultimate objective of substantial on-board training capability is well justified. 
This assumption is reflected in the software configuration of Table 2,4-2* 

An item of on-board software shov/n in the hierarchy calls for MK II Development Test 
Bed Driver Routines. Here it is suggested that FTV-2 and, to a lesser extent prior 
to refurbishment, FTV-1 should be enabled as advanced development test beds for 
in-flight evaluation /verification of planned additional capabilities, by experimentation, 
on a basis of noninterference with primary mission objectives, and/or special 
experimentation flights. In the case of new prototype hardware or software components 
it may be desirable to test an item under real flight environments v/ithout actually 
coupling into the current operating system. Special driver routines, operating under 
a background level of the DMS Executive Scheduler, could provide simulated 
coupling into the operating system and record the results for post-mission analysis. 
\Vliere man/machine factors are critical, one of the crew stations could be placed 
off-line in a similar fashion to allow safe trails under actual operating conditions. 

The expansion of System Test and Operational programs to include (1) nonavionic 
subsystems management (including payloads) and mission operations support and 
(2) automatic A/C and S/C flight path control significantly increases the total 
sizing of the shuttle software system. The total number of 32-bit words of 
loadable programs and data range from approximately 50 OK during early HFT to 
790K for LVFT and early Mark II operations, then to approximately 1. IM at a 
point 36 months after FMOF. Thought the software growth described is represented 
as first employed on Mark I vehicles, it is directed toward Mark II operational 
capability, and the increase in development costs associated therewith has been 
so allocated. 
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2. 5 MARK i/mark II AVIONICS PHASING 

A number of basic avionics changes will be scheduled during the Mark I orbit, and will 
include the following; 

o Addition of spacecraft-type equipment for vertical flight, to augment that 
aircraft-type equipment initially installed in the test vehicle for horizontal 

flights 

G Addition of mission-critical equipment, such as the GN&C Star Tracker and 
Horizon Sensors, for transition from test flights to operational flights 

o Addition of one or more levels of redundancy 

o Refurbishment of the horizontal test vehicle to the operational configuration. 

These changes and additions to the avionics system can be incorporated as the need 
arises. However, the recommended approach is to provide installation well in advance 
of actual need in order to prove capability and compatibility. Cost penalties to the 
piX5gram should be insignificant, since no additional flights .would be necessary; only 
the timing of equipment installation would be affected. Additional hardware and instal- 
lation costs should not accrue, i.e, , the same hardware would be required for the next 
phase anyway; only the schedule of installation is changed. Software costs are also 
not significantly affected by earlier hardware installation; again only timing of software 
changes is affected. However, the approach would not be capable of completely proving 
out equipment since actual flight operational environments would not be encountered in 
the test flight phases. For example, if equipment required for vertical flights are first 
tested during horizontal flights, tlie equipment will not be exposed to either the space or 
high reentry Mach number environments. If determined to be significant, this short- 
coming can be minimized by implementation of a phased, test program that increases tlie 
velocity and altitude in IncremT^nts until a Mach number of 10 or 12 and an altitude of 
some 200,000 feet are reached. However, additional test flights would be required. 
The cost of these additional flights have not been Investigated for this study. 

As Indicated in the par. 2.4, changes proposed in tlie transition from. Mai-k I to the 
Mark II avionics configuration are essentially evolutionary in nature. With few excep- 
tions, basic concepts and functions remain unchaged (Primary changes occur in the 
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PERFORMANCE 

0 INCREASED C&N ACCURACIES TO REDUCE ACPS AND V PROPELLANT USE 
AND REDUCE REENTRY DISPERSIONS 

HARDWARE SAFETY AND RFUABILITY 

0 (MPROVEOQUAUTYOFEQUIPMENTTO INCREASE PROBABILITY OF MISSION 
SUCCESS AND ENHANCE SAFETY 

0 MORE AUTONOMOUS Om AND FAULT ISOLATION AND REDUNDANCY 
MANAGEMENT TO REDUCE CREW WORKLOAD AND DECREASE CORRECTIVE 
ACTION TIME 

SOTTVMRE 

0 GREATER RELIANCE ON 50FTVMRE IN FLIGHT CONTROLS AND CHECKOUT FAULT 
ISOLATION AND REDUNDANCY MANAGEMENT (COE IRMI 
THIS REQUIRES ADVANCED MANAGEMENT TECHNIQUES 

0 PERFORMANCE OF FUNCTIONAL OPERATIONS THROUGH SOFTWARE (INSTEAD 
OF HARDWAREITOSICNinCANTLY INCREASE MISSION FLEXIBILITY AND 
DECREASE CHANGI' REACTION TIME 


DO 56TV(l) 

Fig, 2.5-1 Projected Mark II Avionics Change Impact 



D086CT 

Fig. 5-2 Mark I/M?a'k U Avionics Phasing 
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method of implementation, performance capability, quality of equipment and scope of 
coverage of certain capabilities). The autoland/autopilot aircraft functions could be 
incorporated into the digital GN&C computer. Equipment accuracies could be improved. 
Other examples of proposed changes include improving the system's capability of with- 
standing space environments, increasing equipment lifetime, and expanding the capa- 
bility of checkout, fault isolation, and redundancy management within avionics and other 
subsystems outside of avionics (e.g. , propulsion). The impact of some of tliese changes 

is shown in Fig. 2.5-1. 

An overview of key Mark l/Mark II milestones, including the change points are shown 
in Fig. 2. 5-2. As in the case of the Mark I program, a flight test using a Mark I 
vehicle to demonstrate capability and compatibility of Mark H equipment is proposed for 
accomplishment about one year before the first Mark II flight. 

The impact of Mark II avionics changes on cost is shown in Fig. 2.5-3, The accumu- 
lated cost for the sum of the Mark I and Mark II programs is $527, 1 million. If the 
Mark II missions are conducted using Mark I avionics unchanged, the total program 
cost would be $475, 6 million. 

If the mission ground support effort can be reduced to one center at Cape Kennedy, and 
equipment is deleted that is no longer required due to use of navigational satellites, 
avionics costs can be reduced as much as $66,4 million for an actual reduction in cost 
of some $16 million in going from Mark I to Mark II. A brealcdown of the cost increase 
and decrease is shown in Table 2,5-1. However, to achieve the cost savings it is 
necessary to increase the on-board checkout, fault isolation, and redundancy manage- 
ment capabilities, i. e. , tiie $58, 9 million cost savings is directly tied to the $32 
million COFIRM expenditure. ^ 
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Fig. 2.5”3 Mark II Orbiter Avionics Cost Delta 
Table 2.5-1 

MARK II AVIONICS COST DELTA BREAKDOWN 


Cost Increase 


Delta Cost* 


GN&C 

Improve performance and c],uality of eciuipment 
Control ai\d Display 

Add area navigation/autoland CRT display 
Communications and Tracking 

Improve performance and quality of equipn^ent 
Instimmentation 

Impi'ove performance and quality of equipment 
Electrical Power 

5000-hr life fuel cell. Improve performance and quality of 
equipment 

Data Management and Cofirm** . a, u 

Increase on-board support, scope, and coverage of cofirm (both 
avionics and nonavionics) 

Total Increase 


+ $ 3.5M 
.+ 2.0M 

+ 5.0M 

+ 4.0M 

+ 4. OM 

-I- 32. OM 

+ $50. 5M 


Cost Decrease 

Delete horizon sensor, star tracker and orbit alternate _ 

(navigate with tracking satellite) -$1. 5M x 5 = 

Reduce MCC and remote groimd station 

Total Decrease -$6G,. 4M 


♦Difference between using Mark H and using Mark I imchaged 
♦♦Cofirm - checkout, fault isolation and rcdimdjiiicy inaiiagemcnt 
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2.6 BOOSTER AVIONICS 


The booster avionics is defined in Fig. 2.6-1. and in the following text. 

2.6.1 Flight Controls (FC) 

The FC functions are primarily controlled by the orbiter avionics GN&C subsystem 
and consist of the following: 

o Interlocks package 
o Barometric altimeter 
o Engine and propellant control unit 
o LITVC drive electronics 
o LITVC valves 


INTERIM RECOVERABLF. PRESSURE FED UOX/PROPANE BOOSTER 


V 


VHF 

RECOVERY 

BEACON 


IIj 


f command 
DESTRUCT 
I RECEIVER 


from orbiter 

ENGINE CONTROL 


ORBITER TVC 


r 




interlocks 

PACKAGE 


1 

1 I 


barometric 

ALTIMETER 


3 ENG AND PROP 
CONTROL 


LITVC 

DRIVE 

ELECTRONICS 


hardline TO 
CAUTION AND ORBITER I 


LITVC 

VALVES 


-C9. PYRO SEPARATION 

SEPARATION ROCKET EBW (4 EA) 
-Ga> PROPELLANT DISPERSION C6W 
-83- PARACHUTE SYSTEM (7 EA) 

Ho PRESSURANT (4 EA) 

-cv LOX/PROPANE DI5T 
-ET* LANDING ROCKETS (5 EA) 

-o HEAT EXCHANGE 
-CB- NASA ENGINES (7 EA) 
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J l_ 


1 



DOG9U 

Fig. 2.6-1 Booster Avionics Selected Point Design 
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The interlocks package receives inputs from the orbiter GN&C subsystem, the 
command destruct receiver, and the barometric altimeter. It contains an event 
sequencer which exercises control during' and after separation. 

The engine and propellant control unit is self-contained, receiving commands fi'ora 
the orbiter GN&C system. Operation is monitored at the GSE and aboard the orbiter 
through the instrumentation system. 

The liquid injection thrust vector control (LIT VC) S 3 ^stem controls the booster attitude 
during engine burn. The steering control signals are generated in the orbiter GN&C 
thi'ust vector control (TVC) electronics. The orbiter TVC electronics gets its attitude 
error signals from the orbiter Interial Measurement Unit (IMU) through the GN&C 
digital computer and the rate and normal and lateral load alleviation acceleration signals 
fi'om the orbiter rate gyros and accelerometers. These signals are all processed in 
the orbiter TVC electronics, then sent to the booster electronics as combined attitude 
error plus rate plus acceleration ^ 4 -^];,^) signals to control 

the booster engine gimballing. Cross -coupling computations for pitch/roll and yaw/ 
roll are performed in the booster TVC electronics, and servo amplifiers drive the 
liquid injection thrust control valves. 

Maximum longitudinal acceleration due to "pogo” effects or due to excessive tlirust 
are controlled through the orbiter GN&C IMU accelerometer and digital computer. 

Engine ”on" and "off" discretes for acceleration control and at achievement of stagmg 
velocity are sent from the GN&C computer to the booster engine controller. 

Manual overrides of both tlmiist vector control and engine "off" operations are provided 
at the orbiter pilot and copilot stations. 

The normal inflight cutoff sequence is center engine first, followed by the outboard 
engines . 

In an emergency, the engine wull be cut off by any of the following methods: ground 
support equipment (GSE) command cutoff, prior to umbilical disconnect; range safety 
command cutoff; "thrust not OK" cutoff; emergency detection system; and outboard 
cutoff .system, 
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2.6.2 Communications and Tracking 

Booster communications consist of a VHF recovery beacon transmitter and a command 
destruct receiver. The instrumentation telemetry data are transmitted from the 
orbiter vehicle. 

2.6.3 Electrical Power 

The booster electrical power subsystem consists of: 

o Primary batteries 
o Pyro batteries 

o Recovery beacon and lights batteries 
o Electrical and pyro power distribution 
o Recovery lights 

Control is exercised by the orbiter before separation and the interlocks package after 
separation. Control and display functions are performed aboard the orbiter. 

2.6.4 Data Management 

Booster data management is limited in Mark I to those functions monitored through the 
booster SIU. Since the booster mission is of short-duration, it is assumed that no 
DMS system, as such, will be carried onboard the booster itself. In Mark II, growth 
would again be in the areas of pre -separation propulsion and flight control. 

i 

2.6.5 Instrumentation 

The instrumentation subsystent'^onitors functional operations of booster systems 
and provides signals for vehicle tracking during burn and return. Prior to liftoff, 
measurements are telemetered by coaxial cable to ground support equipment. During 
flight, data are transmitted to ground stations over orbiter RF links. 
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The subsystem consists of: 

G Data acquisition and conditioning units 
o Multiplexer units 
o Remote calibration equipment 
o Flight data recorders 

The booster has been assumed to be as complex as the Saturn SIC vehicle, requii’ing a 
comparable amount of instrumentation. The test veliicle requixes 900 data measurements 
and the operational vehicle requires 300 data measurements. All of these signals are 
required for orb iter controlled operation and for telemetry to ground GSE. 

2.6.6 Booster /Orb iter Equipment Redundancy and Commonality 

The booster equipment is selected from the baseline 040A orbiter vehicles equipment 
list as much as possible. However, the limited study conducted in this area shows 
little commonality between booster and orbiter equipment. Table 2.6-'l lists the 
equipment and quantities required, weight commonality with orbiter equipment, and 
prior program application. 

Equipment is defined for minimum safe conditions. LITVC injection valves are 
assumed to be four valves per engine in the configuration shown. In the case of one 
engine out, the assumption is that the basic NASA design allows for one engine 
failure with one other shut down for stability control. In the case of one LITVC valve 
stuck open, the same assumption holds in that another valve could be used to exert a 
counter force. 
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Table 2,6-1 

BOOSTER AVIONICS WEIGHT SUA'IMARY 


Subsystem Equipment 


Communication 

Data Hardline to Orbiter 
VHF Recovery Beacon 
CMD Destruct Receiver 
VHF Recovery Ant 
CMD Destruct Ant 


Subtotal 


Flight Controls 

TVC Electronics 

Fluid Injection Valves 

Barometric Altimeter 

Interlocks Package 

Eng and Prop Control 

Subtotal 


Electrical Power 

Primary Batteries 
Recovery Beacon Battery 
Pyro Battery- 

Ground Power Transfer Switch 
Ground Power Receptacle 
Main Power Distribution Unit 
Pyro Distribution Unit 
Recovery Lights 
Electrical Harness 


Subtotal 


Instrumentation 

Transducers 
Signal Conditioners 
Submultiplexer s 
Sequence Control 

Remote Automatic Calibration Unit 
Flight Recorder 


Subtotal 


AVIONICS TOTAL 



Orbiter 

Common 

Program 

Application 

X 

New 

X 

Apollo 

X 

Saturn 

X 

Apollo 

X 

Satimn 





Eagle 

Apollo 

Apollo 

New 

Apollo 

New 

Apollo 

Apollo 

New 


C-5A 

C-5A 

C-5A 

C-5A 

Apollo 

C-5 
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2.7 COST AND RISK FACTORS 

The major factors that determine avionics system costs can be associated with total 
program cost, peak annual cost, or both. The major cost driver for total program 
cost is the amount of onboard caj^ability provided versus the amount of ground support 
required to support mission planning, launch control, and mission operations. As 
the use of ground support is decreased, the cost of supporting facilities and personnel 
is decreased but the risk to mission success is increased unless equivalent capabiUtj^ 
is provided onboard the vehicle. For the three system alternates considered in this 
study a comparison was made of orbiter avionics costs , ground support costs for 
launch control and mission operations (KSC, MCC, and MSFN), and total costs. 

Table 2.7-1 summarizes this comparison and shows that the baseline system 
(Alternate C) provides a net savii^s in total program cost, although its onboard 
avionics cost is higher than for Alternates A or 13 . The risk associated with the 
baseline system is defined by the longer time intervals between ground station contacts 
for an orbiting vehicle. 


Table 2.7-1 

MARK I CONFIGURATION IMPACT ($M) 



Aik A 

Alt B 

Baseline 

Maintenance and LCC 

248.6 

174.0 

149.2 

MCC 

77.1 

77.1 

54.0 

Remote Sites 

.. 5.4 

3.5 

3.5 

Support Cost Totals 

331.1 

254.6 

206.7 

Vehicle Program Costs 

250.3 

289.2 

325.2 

Impact on Support Costs (A From A) 

0 

-76.5 

-124.4 

Vehicle Costs (A From A)^ 

0 

+38.9 

+74.9 

Net Savings 




B and BL Over A 

0 

37.6 

49.5 

BL Over B 

— ^ 


0 

11.9 
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Another major cost factor, generally, is the amount of exlsting/mocUfied equipment 
used versus the amount of improved state-of-the-art and new development equipment 
incorporated. Since a common groundrule was applied to all three system alternates 
(namely, that developed, proven equipment be used), this cost factor reduces to a 
consideration of what ty])es and what quantities of equipment were used for the three 
system alternates. Also associated with the quantities is the redundancy level 
associated with fail-safe or fail-operational/fail-safe. Costs are summarized in 
Volume III of this document. 

The cost of pei'forming the first vertical flight unmanned was determined and may be 
compared with either a reduced risk to the potential crew or to an increased risk to ■ 
the vehicle, since no man is onboard to make decisions and to manually override the 
automatic onboard systems (see Par. 2.3). The cost delta for FVF unmanned was 
determined but no significant difference in cost was identified among the three sj^stem 
alternates. 

The principal factor affecting peak annual funding for a designated set of onboard 
avionics is the planned phase-in of equipment plus the time spans allotted for DDT&E. 
Avionics peak annual funding can be reduced by supplying only that equipment needed 
for each program phase rather than supplying an "all-up” system at the time of first 
horizontal flight. The latter approach could entail more of a schedule risk than the 
phased approach. 
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2.8 CONCLUSIONS 

1. A significant reduction in total program cost is achieved through extensive 

use of developed, available equipment and software, and by use of the designated 
baseline Mark lOrbiter Avionics System which reduces dependence of the crew 
and vehicle subsystems on ground support for mission operations and launch. 
Ground support cost reductions account for major savings to the program. 

2. A significant reduction in peak annual funding is achieved by extensive use 
of developed, available equipment and software and by phasing -in equipment 
and functional capability as required to support program phases, i.e. , 
horizontal flight test, vertical flight test, and operational phases. 

3. Technological risk is reduced by use of existing aircraft equipment and 

and spacecraft equipment specifically identified in the stud 3 ^ No significant 
development of equipment is required for the Mark I Avionics System. 
Environmental protection of most equipment is provided and those equipments 
exposed to new operating enviromnents will be flight qualified is required. 

All safety -of-flight functions will be performed using dedicated hardwired 
equipment configured fail-safe as a minimum. 

4. The critical path to first horizontal flight w^ill not be impacted by avionics. 

Only that equipment required for aircraft flight will be provided initially 
and such equipment can be available for Installation within thirty months 
after authorization to proceed, allowing another eighteen months until first 
horizontal flight. 

I 

5. Booster/Orbiter avionics commonality is minimal for the case of the interim 
recoverable ballistic pressure-fed LOX/Propane booster. 

6. The selected baselinC^Mark I Orbiter Avionics System configuration provides 
the basis for effecting a smooth transition from Mark I to Mark II avionics 
and veMcle S 3 ^stem capability. 

7. Selective improvements in performance, equipment quality, and equipment 
quantity to achieve the Mark II Orbiter Avionics System capability can be 
made within the study .guideline of forty to fifty percent permissible cost 
growth, (nonrecurring) of Mark II over Mark I. 
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2. 9 RECOMMENDATIONS FOR FURTHER STUDY 

The completed Alternate Space Shuttle Avionics study has produced a baseline system 
concept which significantly reduces total program cost and pealc annual funding j and 
reduces technological risk. The principal study objectives have therefore been achieved. 
However, the short time span allowed for the study precluded detailed study of some 
aspects of the system. 

Recommendations for further study that expand upon the presently defined baseline 
system are presented below; 

o A more detailed study of the application of S-3A avionics system techniques, 
equipment, and software should be performed. Shuttle avionics equipment 
interfaces with the data management subsystem, specifically the design of 
subsystem interface units, should be defined in detail. Redesign and modifi- 
cations of existing equipment for compatibility with S~3A checkout, fault 
isolation, and inflight performance monitoring should be analyzed and costed. 
The extent to which particular S-3A software programs are applicable to the 
shuttle avionics should be examined; additional software development should 
be defined and costed in detail. The extent to which existing Lockheed S-3A 
development facilities (for hardware and software) can be applied to the 
shuttle a\donics development should be determined, 

G The Ry-by-wire primary flight control system and automatic flight control 
system (both incorporating stability augmentation) failure modes should be 
examined in great detail. Mechanizations incorporating separate electrical 
power sources for each redundant system should be evaluated along with 
mechanizations employing non-electrical bacl-cup mode capability. 

o Additional reliability data should be compiled for baseline si'^stem equipment, 
and safety/reliability studies should be performed to evaluate the adequacy 
of selected equipment in the anticipated operating environment. Computerized 
optimization studies for each subsystem should be conducted to trade off cost, 
weight, volume, and component redundancy level according to weighting factors 
or sensitivit 3 ^ coefficients agreed upon witli the NASA. 


2 . 9-1 ■ 



LMSC-A995931 
Vol II, Pt 4 


o All interfaces among avionics subsystems/equipments and between the 
avionics system and non-avionics subs}' stems/equipments should be clearly 
defined. Included are mechanical, electrical, functional, and performance 
interfaces. 


G A thorough packaging and installation study should be completed. Modularity 
and access for maintenance should be investigated, and impact on the crew 
station and impact on the e^ivironmental control system should be analyzed. 

o The baseline avionics system sensitivity to specific performance requirements 
and to program requirements/ constraints should be determined. 

o The orbiter/payload interface requirements should be identified for a selected 
representative group of payloads as agreed upon with the NASA, 


o The baseline avionics system definition should be more extensively detailed 
in all subsystem areas. In addition, redimdancy management, automatic con* 
figuration control and sequencing, operating inodes, and abort vnth intact 
vehicle recovery should be examined at the system level. 


o The avionics system management plan for design, development, tests, and 
integration should be prepared. The plan should be keyed to overall program 
milestones, should identify major avionics tasks, and should state how these 
tasks will be performed and managed. The experience of Lockheed in aircraft 
development, spacecraft development, systems management, and avionics 
integration would be incorporated into tlie avionics system management plan. 
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Section 3 
COST SUMMARY 


Costs were estimated for tliree Mark I orbiter avionics system configurations: 
o Alternate A 
o Alternate B 
o Alternate C 


On the first iteration, all three systems were costed for the Mark I program in terms 
of orbiter avionics cost and ground-based mission support costs* While Alternate C 
was found to have the highest on-board avionics cost, it was also found to have the 
lowest overall cost when the effect of its reduced ground support was taken into account. 


Alternate C was chosen as the baseline system-. Costs for this system were then 
estimated for Mark II and the initial iteration of this alternate was re-estimated for 


Mark I. Mark I orbiter avionics costs for all three alternates are summarized in 
Fig. 3-1. 


The final estimates of the baseline system for Mark I are shown in Fig. 3-2, and for 
Mark II in Fig. 3-3. These are $323. 3 million for Mark I and $202. 6 million for 
Mark II, for a total program cost of $525. 9 million. 

The annual costs for tlie baseline system are shown in Fig. 3-4, 
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Fig. 3-1 Mark I Orbiter Avionics System Costs Summary 
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Fig. 3-2 Mark I Orbiter Avionics Costs 
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Fig. 3~3 Mark II Orbiter Avionics. Costs 
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Appendix A 

REQUIREMENTS ANALYSIS 

Attached is the compilation of working materials used for identifying subsystem 
functional requirements, equipment needs, and minimum redundancy levels. The 
lists are grouped into five categories: 

1. Functions vs Mission Phase for Aircraft 

2. Functions vs Mission Phase for Spacecraft 

3. Displays and Controls Analysis 

4. Aircraft Avionics Equipment Required for Crew Safety vs Mission Phase 

, 5. Spacecraft Avionics Equipment Required for Crew Safety vs Mission Phase 

The crew safety sheets were prepared individually for aircraft and spacecraft opera 
tional periods to reduce duplication of effort. No sheets were prepared for data 
management, instrumentation, and displays (programmable), ■ since these subsystems 
have been established as noncritical to flight safety. The safety -of -flight displays 
and controls axe hard-wired and shared for spacecraft and aircraft functions. 
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FUNCTIONS VS MISSION PHASE FOR AIRCRAFT 
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FUNCTIONS VS MISSION PHASE FOR SPACECRAFT 
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SPACECRAFT AVIONICS 


VEHICLE ORBITER 


MISSION PHASE 


SUBSYSTEM ELECTRICAL POWER 


Page 2 of 5 ■ Pages 


FUNCTION 


/ / /#:/ 

y/-Q> Xv XX x*x x> xx / 


XXXXXXXX>XXv 


Fuel Cell Reactant Supply 
Fill 0^ Tanks (s) 


1111 1 112 


ELAMC - NOT REQUIRED 

1. CREW/VEHICLE SAFETY 

2. MISSION SUCCESS 

3. NONCRITICAL 


E;<pel H2 
Condition O2 


Condition H2 


2 1,1111 1 12 


2 1 11 l l l liS 


2 1 1 1 i 1 1112 


Checkout Storage Sys 



LMSC-A995931 

voi n. pt 4 


-16 


> 


PHASE 



LMSC-A905031 
Vol II , Pt -1 


















































-17 


MISSION PHASE 



LMSC-A995931 

voi n, pt 4 












































































PHASE 



LMSC -A 99 593 1 
Vol n, Pt 4 


> 

CO 


MlSSIOiWlIASE 



LMSC-A995931 
VoJ. n, Pt 4 


MISSidWL’HAvSE 

























SPACECRAFT AVIONICS 


MISSION PHASE 



LMSC-A995931 
Vol II. Pt 4 


MISSION PHASE 



LMSC-A990 
Voill, Pt4 


mission phase 



LMSC-A995931 
Vol n, PL 4 


DISPLAYS AND CONTROLS ANALYSIS 
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Appendix h: 


ALTERNATE A AVlOliZCE APPROACH 


The Alternate A approach provided for two and distinct avonics packages, one 

for aircraft” t 5 >'pe operations and one for spacecraft operations. Figure B-*l shows three 
groups of avionics for the vehicle: (1) orbiter sps-c-ecraft, (2) orbiter aircraft, and 
(3) the pressure-fed, recoverable booster. The onboard booster avionics are assmned 
to be minimal and independent of the shuttle cor. h.gT-i ration; the effect of booster inter- 
face variation as compared to the total avionic- is negligible. 

B. 1 EQUIPMENT 

The detailed equipment block diagram for the A.Uemate is given in Fig. B-2. The high 
level of duplication is particularly evident in the displa 3 ^s and controls and utility 


TO/FROM PAYtOAD 
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ORaUER SPACECRAFT DISPUYS & t^ANVAl CONTROLS 


ORBITER AIRCRAFT DISPLAYS & MANUAL CONTROL 


Jr, , L , 
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B-ATTEm ES] DCC 


Fig. B-1 Alternate A Avionics Subsj'stem Diagram 
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functions, e.g. , electrical power, {This latter class of subsystems would obviously 
be combined in a final design; however, tiiey have been kept isolated for the purposes 
of this study.) The primary feature of tills approach is that dedicated equipment is 
provided for each functional usage. The instrumentation system, operated as a pas“ 
sive monitor, will provide supplementary fault flags to those equipments witli built-in 
test capability » Hence, the crew must perform the redundancy management functions 
in response to these annunciators. The major consideration for this alternate is tliat 
it requires the least development of flight hardware. Conversely, it requires maxi- 
mum usage of ground support equipment for checkout and maintenance. 

Characteristics for Alternate A are summarized as follows: 

o Dedicated equipments for each functional usage 
© Minimum fault isolation 

o Redundancy management performed by crew 
o Maximum need for GSE 

© Re-design for incorporating improved equipments 
o Minimum development of flight hardware 

B.2. WEIGHT STATEMENT 

The vehicle delta weight statement for this alternate is developed in Table B-1. The 
equipment identified will replace units with common utilization in the baseline or will 
increase quantities to provide a similar redundancy level. The total weight incitement 
is 718 lb or an increase of 7. 9 percent over the baseline weight. This does not appear 
to be a significant driver. 
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Table B-1 

ALTERNATIVE A DELTA WEIGHTS 



Baseline Reference 


Additions 

Deletions 





Total 



Total 


Subsystem 

Equip 

Quan 

Wt (lb) 

Equip 

Quan 

Wt (lb) 

A wq 

Guidance, 

Digital Computer 


126 

Navig Data 

2 

110 


Navigation, 
and Control 

Rate Gyros 

H 

21 

Repeater 

Converter 





Accele lometers 


8 






A/C Nav Set 

B 

83 






Signal Condr 

2 

160 





Subtotal 



398 



110 

+288 

Com muni c ati ons 

Pre-Mod Procr 

n 

11 






USBE 

B 

38 






S-Band Pwr Amp 

B 

32 






Up- Data Link 

B 

22 






Audio Cont Panel 

2 

154 





Subtotal 



257 




+257 

Electrical 

Emer Battery 

2 

124 





Power 

AC Gen 

3 

120 






Gen Ctrl Unit 

3 

24 






Static Inverter 

4 

160 






Transformer Rect 

3 

54 





Subtotal 



482 




+482 

Displays and 
Controls 

Subtotal 

All 


878 

All 


717 

+161 

Data Mgmt 

Subtotal 

n/r 


— 

All 


665 

-665 

Instrumentation 

Flight Recorder 

2 

96 






Maint Recorder ' 

■I 

40 






Time Code Gen 

B 

15 






l^CM Tim Equip 

B 

44 





Subtotal 



195 




+195 

Net Total 







+718 
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Appendix C 

ALTERNATE B AVIONICS APPROACH 


Alternate B for the space shuttle orb iter a\4onics provides substantial improvement 
over the Alternate A concept. This approach permits a single hardware element or 
siibsj^stem to satisfy the functional reciuireiTients in botii the spacecraft (exoatmospheric) 
and aircraft (endoatmospheric) flight regime. The second unique feature of this con- 
cept is the inclusion of a passive (monitoring onfy) data management subsystem to 
assist the crew in orbital operations and to reduce betw^een-flight turnaround. Figure 
C-1 is a block diagram of the Alternate B concept. 


TO/FROM 

PAYLOAD 



booster 


Fig. C”1 Orbiter A\donics Study - Alternate B 
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C. 1 EQUIPMENT 

C. 1. 1 Guidance, Navigation, and Conti’ol 

The equipment emploj'ed in Alternate B is identical to Alternate A (except that the 
rate gyros and accelerometers for atmospheric flight are deleted). Only the system 
utilization and interconnections differ. Alternate B taJ^es advantage of the option 
which permits dual usage (aircraft/spacecraft) of a single hardware element by pro-* 
viding an automatic G&.N crew bacicup mode during atmospheric flight from the Inertial 
Measurement Unit (IMU) and associated sensors tlir'ough the autopilot. In Alternate A 
this intercoimect was provided by the crew using display indicators. 

Co 1,2 Electrical Power Subsystem (EPS) 

The EPS is identical in Alternate B, and in tlie selected baseline (Alternate C), only 
tlie interfaces to the data management subsystem change. 

C. 1.3 Communication SuJ^system 

The comimmicatlons hardware is identical in Alternates B and the Baseline; only tlie 
interfaces to the data management subsystem change, 

C.1,4 Instrumentation Subsystem 


The Alternate B instrumentation (Fig. C-2) is essentially identical to Alternate A 
except for deletion of common airplane equipments. Dedicated hard-wired amiunicators 
and displays are used for all safety of flight information, A multiplex data-gathering 
sul:)system composed of C-5A MADAR analog multiplexers for mission- critical 
(operational.) data, witli added unit73 to provide DFI data as an integrated add-on, is 
used to collect all data except for those non-avionic hardline interfaces required for 
groimd checkout and fault isolation, including fuelmg operations. 
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Fig« C-2 Instramentation — Alternate Orbiter B 


A total of 2700 instrumentation points are required for operational and DFI data. 

Three SAR complexes are used to meet the data acquisition requirements (3840 point 
capacity) into the DMS. Formatted data from the DMS is input to the communications 
subsystem for TLM transmission or via hardline interface to the GSE for checkout 
in all between- flight phases. One-third of the SARs are for DFI and are removed after 
the development phase is complete, leaving a 1960 point operational instrumentation 
subsystem, exclusive of SOF and non-avionic hard-wired data points. 

C* 1. 5 Data Management Subsystem 

Data management for both airplane and spacecraft subsystems are provided by one 
system of hardware (Fig. C”3). 

Input data tc tlie DMS is from the instrumentation subsystem. The Data Management 
S3^stem (Alternate B) is configured for on-board checkout and is based around the 
MADAR system as used on the C-5A aircraft. Briefly, the system, under conti'ol of 
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Fig. C-3 Data Management - Alternative B Orbiter 


a general purpose digital computer (DCOMP), continuously scaJis system parameters 
through its central multiplex adapter (CMA) and automatic remote signal acquisition 
units (SAR-A). The BITE outputs are sensed and signal measurements are compared 
to limits and exceptions are recorded on magnetic tape by a maintenance data recorder 
(MDR) and/or on a printer (POU). In addition, a data acquisition system under manual 
control of the manual multiplexer (MMUX) and manual signal acquisition units (3AR-M) 
can select parameters for display on an oscilloscope or digital voltmeter. Controls 
and displays are contained in the MADAR manual display /control unit {C/D group). 

The C/D group also contains a data retrieval unit (DRU) which optically projects on 
a rear projection screen a selected (one of 10,000) individual frame, utilizing 16 mm 
film as a source. Aside from tlie displayed information, each film frame includes 
frame selection codes and data point selection codes to aid in presequenced trouble- 
shooting data under manual control. 
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The system is programmed to test all subsystems (without inte irrupting operation}, 
down to a line replaceable unit (LRU) level, in normal functioning modes. The manual 
displays and controls allow an operator, under guidance of the projection display, to 
isolate problems in subsystems to LRUs and to print and magnetically record this 
information, 

A new design interface unit is required to control the digital inputs from the MADAR 
Digital Computers (DCOMP), wide-band analog from SAR-manual multiplex units 
which provide line analog data to the oscilloscope/ voltmeter for onboard-manual 
ti-oubleshooting, and for GSE/TLM interface control- 

C«1.6 Control Display (C/D) Summary Comparison 

A correlation in the C/D requirements for all alternatives is provided in Table C-1. 
C.2 WEIGHT STATEMENT 

The Alternate B weight statement relative to the baseline is provided in Table C-2. 
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Table C-1 

PILOTAGE C&D PANEL AREA AND WEIGHT COMPARISON 


r 

AIRCRAFT 

SPACECRAFT 

SPACE S 

Hume 

im 

CREW SIZE 

4 

MEN 

3 

MEN 

2 

MEN 

m 


3 

MEN 

M 



m 

VEHICLE 

C-5A 

ion 

5-3A 

GEMINI 

LM 

CM 

ALT A 

ALT 0 

ALT C 
(TEST) 

ALT C 
(OPS) 

TOTAL PANEL 
AREA* - SQ FT 

57 

26.75 

9.3 

19.4 

?6 

27. r 

28. 1 

23,9 

21,8 

13,5 

TOTAL C AND 0 
WEIGHT - LBS 

790 

313 

400 

260 

290 

344 

878 

810 

705/983 

m 


— 

PilOT/COPiLOT STA 

'■ 

SYS ENGR STA 

CRT'S 

SUMMARY ■ 


WK^m 

( R) 

WEIGHT 

(LB) 

AREA 
■SQ IT) 

NO 

WEIGHT 

WEI^GHT 

AREA 
(SQ FT) 

ALTERNATE A 

602 

13.5 

276 

14.6 

0 

0 

878 

23.1 

alternate B 

602 

13.5 

208 

10.4 

1 

63 

810 

23.9 

ALTERNATE Ct 
(HORZ/'VERT TEST) 

514/797 

13.5 

189 

8.3 

1 

63 

705/988 

1 1 

21.3 

ALTERNATE Cq 
(OPERATIONS) 

1 528 

! — 

13.5 

0 

J 

0 

3 

189 

L 

13.5 ^ 


D05781 a) Table C-2 


ALTERNATE B DELTA WEIGHTS 

9 



Baseline Reference 


Additions 


Deletions 


Subsystem 

Equip 

Quail 

Total 
Wt (lb) 

Equip 

Qiian 

Total 
Wt (lb) 

A Wt 

Guidance, 
Navigation, 
and Control 

Digital Computer 
GNC Signal Condr 

1 

2 

12 G 
160 

Navig' Data 

Repeater 

Converter 

2 

110 


Subtotal 



286 



110 

+ 176 

Communications 







0 

Electrical Power 







0 

Displays 
and Controls 

All 

— 

810 

All 

— 

717 

+ 93 

Data Mgmt 
(MADAK) 

MADAR 
[your List] 


326 

All 

— 

665 

-339 

Instrumentation 







0 

Net Total 







- 70 
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APPENDIX D 


DETAILED EQUIPMENT LIST 
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I 


5 

GUID/KAV/COmOL 






I niT- 

' “ ■ 








O 






CHARACTERISTICS 








C-C 







-<r 






\ 1 ; 


!■■■■■■ 


' ■ ■ 


■ 


_j 


■V 

J— 

ClC 


DrC 




o'P' 






0 

0 


ID 

E— 




2 


EQLliPMENT ITEM 

28 

1 

< 

o< 

< Z 


u 

< 

LL. 



-,J 


REMARKS 

- - ... - 

UJ 

iy> 

D 


o 

o 

Cl- 

Ij 

o_ 

Ci_ 

< 

ITEM T 
DESIG 


i 

1 

u. 

CO 

E~ 

DC 

UJ 

6 

j_ 

0 

LJ 

-J 

0 

> 

‘ 

Digital Computer 

M 

S 3 A 

1832 

Univac 

2 

625 

126 


32 K Memory 

I Inertial Meas . Unit 

C 


7h7 

Carousel 

Delco 

4 

400 

53 


Modify for space use or use 

j 





IV 







Carousel IV B (TIIIC System) 

Star TracKer ^ 



Skylab 

ATM 

Bendix 

6 

25 

77 



j Horizon Sensor / 

M 

Agena 

13^166 

(Barn as 

12 

25 

25 



I Havig. Data Repeater/ 












Converter 

M 

S 3 A 

O59A 

Bendix 

3.71 

251 

55 


Same circuits and packaging 

I T\TC Electronics 

M 

Agena 




>5 

20 W 

30 


j AC?S Electronics 

M 

AF-P 467 




>5 

3OW 

50 


technique So New package 

I Main Eng, Gimtal 











design. 

j Actuator 

NASA 

Saturn 






50 



I Comx^ass Coupler 

C 


Lion 

. 

2591201 

Spe 

rry 

25 


17.2 



} Compass Controller 

'c 




2594911 



6 


2.0 



I Flux Valves 

C 




2575570 

' 


50 


4.0 



j iTagnetic Compensator 

C 

! 

, 


2591200 



• 50 


1.8 



; Directional Gyros 

C 

t 



. 2594401 


' 

2.5 


29 



j Vertical Qyros 

J 

c 


Lion 

2593742 

Sperry 

2,5 


29 



I 
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GUID/liA.V /COM'ROL 


EQUIPMENT ITEM 


Rudder Servos 
Eleven Servos 
, EFCS Servos 
1 Trim/BacKup Servos 

Speed Brake Servos 
El e von PEGS Computer 
Rudder EFCS Computer 
Central Air Bata 
j Computer 

{Air Bata Sensor Assy • 
Pitch Rate Gyros 
Roll Rate Gyros 
Yaw Rate G^oros 
Normal Accelerometer 
, "Lateral Accelerometer 
rLongitudinal Accel 
I Pitch ilPFDS 
Roll AFFDS 
EntTlne Speed Controls 
Speed Control Computer 

! Anti -Skid Control ) 

I Touchdown Switch) 

I Wheel Speed Sensor) 


M 

M 

NASA 

M 



C5A 

C5A 

STCL 

ClUl 

New 

Lion 

Lion 

S3A 

YE-12 

Lion 

Lion 

Lion 

Lion 

Lion 

Lion 

Lion 

Lion 

ah^6 

Lion 


672293 

672293 

A/W-5 


CHARACTERISTICS 


REMARKS 


95.2 

376 

50 

10 


20io Mod. 
2 O 70 Mod . 
New 


55.1+ 

55.8 
60 

26.8 


50fo Mod. 
'^Oio Mod 


37N 

37«1 

37,1 

71,3 

85o2 
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CHARACTERISTICS 


ELECTRICAL POWER 
SYSTEiM 

equipment item 


Fuel Cell (l^ l) 

Fuel Cell (TIK II ) 

0 Cryogenic Tank & 
Cryogenic Tank & CTL 

Ni Cd Battery (Em.erg) 

AC Generator 



Z 




0 


0 

I — 

50 

^ >— 

0 

< 

' u 

r; ' 

Ozi 

< 

t— 

Z 

0 

Csi 

LU 

92 : ' 

UJ 

CO 

UJ 

CO 

D 

d < 


Q 

M 

Space 

New 


Space New Pratt &| 8.^ 

Shuttle- Wliitney. 

' Nev ” 8.C 

AAP AAP,33"Bi?< BendiH 200 
• AAP AAP,39”Bi4. Bendix' 200 

Agena Type XI Eagle 4 5 
Richer 

S3A 4QN 


REMARKS 


8100 C.P., GSE, New 15 x 15 X 36 

8100 C.P., GSS, New 

Heat, GSE 
Keat , GSE 

93-1 GSE 19 X 7 X 7 

490 GSE, 5 % Hod. 10x7x7 




Static Inverter 3p 
kOO Hs 

Trans f ormer/B e ct i f i er 
Gene-i'-ator Control 

DC Bus 
AC Bus 

D.C. Distrihution Unit 
A.C. Distribution Unit 


Apollo 28V5200T Wagner 6l 
914F53-1 Elect, 

P3C 

S3A AVZ-86 We sting -100 
I house 


39 G C.P,, GSE 11 X 6 X 6 

250 F.A., VAST, % Mod. 

336 F.A., GSE, Kod. 


* IrcTudes Remote Power Controllers and Remote Controlled Circuit Breakers 
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co^m^a/\TIONS ai^d 
TRACiaWC- 

EQUiPMENT ITEM 


Audio Panel 

S-Band PVjt Amplifier . 

■ 

Unified S-Band Equip: 
Pre-Mod Processor 
Up -Bat a Link 

S-Band Antenna Switch 

S-Band Antenna 

UKF' Transceiver 

Ui-nr Antenna Selector 

UKF xlntenna 

ATC Transponder 

ATC Transponder Ant. 

VHF Recovery Beacon 

vKF' Recovery Antenna 



CHARACTERISTICS 


S 3 A 

S3A 

Apollo 

Apollo 

Apollo 

S3A 

S3A 

S3A 

C^A 

CpA 

Apollo 

Apollo 




Apollo 
Block II 


Apollo Mot' 
Block II ola 


Instr . 790 

System 

Collins . 9993 180 

Collins . 9979 37 38 

Collins .9997 12.5 11«3 

Motor- .998 18 2214- 


1260 

300 

1080 


I AK9OOO.8 


i 62IA-6 


Collins 

Collins 

Collins 

Collins 


3-65-5366-Sensor 

IIL 

Apollo RCA 
Block II 
Apollo 
Block II 


32.5 1026 

l.h 

2.3 

15 

3 


or FA, VAST/GSS 


F.A., Bite, VAST/GSE 


Le6566V-OS^n 





COmW.CATXOMS AND 
THACKING 


EQUIPMcNT ITEM 



Tacan Transceiver 
ILS Receiver 
Radar Altimeter 
AILS Receiver 
Orbit Altimeter 
Precision Ranging Sys 


S3A 

C5A 

S3A 

C-SCAN 

SKYLAB 

CIRIS 


ILS -TO 
AEW-201 


Collins 

Hoffman 


//lANUFACTURER 


CHARACTERISTICS 


i 

i 

1 

2 j 

t— 

H- 

U.J 

0 


Z j 

4:1 ! 

5 : 

0 1 

> 1 

REMARKS 

ia| 

1 . 3 ! 

i 

1 

I 

i 

i 

i 

! 

1 

1 

125W 

120W 

\ 

1 

37 ' 
10 

9.9 

23 

1 

228 : 

1 

j 

1 

1 

Bite, VAST/GSE 10 x 6 x 3.8 
Scanning beam 

i 




LMSC-A9959 

Vol II, Pt 



















DATA ^^AMGE^'Em' 1 

EQUIPMENT ITEM 



PkOGRAM 

APPUCATiON 

ITEM TAG 
DESIGNATOR 

UJ 

z> 

h— 

u 

< 

u_ 

ZD 

z 

1 

• CHARACTERISTICS 

REMARKS 

3 

cU 

LJJ 

oo 

D 

3 j 

j 

o ; 

U 1 

1 

C? 

u_ 

c.:i 

1 P* 

h— 

1 

1 "D 
• 

Di 

6 

C- 

"S' 

h~ 

X 

0 

LU 

1 oP 

1 s 

UJ 

i5 

0 

> 

Gen. Purp. Dig. Computer 

M 1 

SSA 

1832 

Univac 

r") 

C. 

1800 

255 

18144 

C.P., orE.A, Bite, VAST/GSE 

Drum Storage Unit 


I 

S3A 

MU 576 /AYS 

IBM ECH^ 

i 1.2 

390 

70 

2765 j 

C.P., or F.A, Bite, VAST/GSE 

Dig. Mag. Tape Unit 

M ! 

S3A 

RD 3hS/Asl 

. Science 

! 4.8 

60 

20 

933 ; 

C.P., or F.A, Bite, VAST/GSE 

C oiranun i cat i on SIU 


f ' 

i • 

S3A 

TBD 

1 


750 

Ao 1 

864 

C.P., or F.A. 50 ^ Mod. 

Instrumentation SIU 

;m i 

S3A 

TBD 

1 

i 

1 

50 

10 

346 I 

C.P., SOfoMod. 

Gm SIU 

M 1 

S3A 

TBD 


1 

750 

80 ' 

864 ' 

C ,P. , or F .A , 5(yfo Mod, 

ECL’s SIU 

ly 

f 

' 1 

53A 

TED 


1 

1 

200 

15 

346 

C.P., 50fo Mod. 

Elect, Pi«/r SIU 

M i 

S3A 

TED 



200 

15 , 

346 , 

C.P. 

Booster SIU 

M 

S3A 

TED 



500 

30 j 

864 i 

C.P., Bite, VAST/GSE 

GSE/LCC SIU 

M 

S3A 

TED 




30 1 

I 


Display Gen Unit 

M 

33A 

AN/ASA 82 

1 

Loral 

.2 

1200 

60 1 

1 

j 

C.P. 

i 

1 
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CO^T?KOL'S S; DISHjAYS 


EQUiPMENT ITEM 


miN msiRW^ii^T PAm 



Plight Attitude Indicate i 
Hor i zont al S ituat i on 

Indicator 

Aero Surface Indicator 


L-1011 


ARCS Modes 


L-1011 


Arcs Warning 
Instr Warning 
Aut opilot /L and 
Met er - A ir spe e d/Ma ch/ 
Meter -Alt i tude /Vert i cal 
Speed 

Altimeter 


L-1011 I 

L-1011 

L-1011 

C-5A 

C-5A 


Sperry 

V 


True Airspeed Indicator 
Altitude Indicator 
Multi-Purpose Keyboard 


S-3A 

S-3A 

S-3A 


Engine Gimbal Override 
RCS Control Override 

liain/ 0!'S Over r ide 
TanW Jett icon Override 


Parts 


CHARACTERlSTiCS 
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COIffHOLS & DISPLAYS , 
EQUIPMENT ITEM 

So 

cA* 

LD 

UO 

:d 

z 

< < 
C.^ U 

OZ] 

Or 

cl < 

Abort 

c 

: 

Instr Brightness Control 

c 

-- 

Caution s.nd Warning Test 

c 

-- 

Panel 



Booster Status Panel 

c 


Master Sys Caution and 

c 

-- 

Warning 



Multi -Ptinct ion CPT 

M 

S-3A 

(Flight Mgnt) 



Flight Mode Indicator 

c 


Mult i -Fun ct io n CRT 

M 

S-3A 

( SubsysteBis) 



En gine /Propul s i on 

C 

— 

Displays 



Engine/Propulsion 

c 

-- 

Displays 



Mode Select (Main/OMS/ 

c 

-- 

ABES) 



Mode -Select (SCS/APU) 

c 


Area Nav-Grov7th 

c 

L-lOll 

Throttle Quads, Speed 

M 

C-5A 

BraKe, and Rudder Trim 
1 Control 

! 



ff-Shelf 


ff -Shelf 


ff-Shel 

Parts 


142000 ' 

C1033, 

Et.Al 



•n 

crt- 


-K-x- Included 
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COI3TROLS & DISPLAYS 


EQUIPMENT ITEM 


EYEBROW/ OVERHEAD PARCEL 

Engine Fire Control 
Panel s 

EC/LS Gas S-upply Overrid^ 
Valves 

Elect. TVr Generation 
and Dist 
Eleven Disable 

Rudder Disable 

SAS, Pitch, ATS, and 
Tri:ni Emer. Controls 
Antiskid Controls 
Sensor Heat Controls 
FFCS Mon., Rudder & 
Eleven Emer. Controls 
Rudder Limiter 
Engine Start 
AFU Engine Controls 

Cabin Lights 
Mission Hmer 
Event Timer 
Exterior Lights 


USER; MIL(M) 

U 

-T^ 

_J 

O 

u 

PROGRAM 

APPLICATION 

ITEM TAG 
DESIGNATOR 

c' 

tjj 

D". 

> 

1 1 1 

b 

< 

Li- 

3 

Z 

c 


L-1011 


CAL -LAC 

c 


— 

Off -Shelf 
Parts 

LMSC 

c 


— 

•M U 

M 

c 


-- 

Off-Shelf 

Parts 

LMSC 

c 

-- 

Off -Shelf 
Parts 

LMSC 

c 

L-lCll 

-- 

CAL -LAC 

c 

L-1011 


CAL -LAC 

c 

L-1011 

-- 

CAL-LAC 

c 

L-1011 

-- 

CAL -LAC 


1 

L-1011 





L-1011 

__ 

CAI'-LAC 



— 

Off-Shelf 

Parts 

LMSC 



L-1011 

— 

CAL-LAC 

RASA 

:;:m or lm 


N.A.R 

NASA 

CM or LM 

\ 

N.A.R 



L-1011 


CAL-LAC 















EQUIPMENT ITEM 


REMARKS 


Transd-ucers 


Signal Conditioners 


FM VJideband Recorder 
Fligiit Data Recorder 
Time Code Generator 

Film Camera 

P*C«Mc Telemeter Equip 


417 

CDPIR, 

8521 


Apollo 


4 200 39 

48 

5 28 : 15 


2660 F.A.j Bite, mDAR/AIDS 
F,A,, Bite 


.997 1 24 44 1 274 F.A, 


'See following pages'. 


■A9959 31 


















INSTRUMENTATION 


EQUIPMENT ITEM 


TEI'-IPEKATURE 

0 to +200 Deg. 

0 to +160 1 


F Thermo • 
I couple 


1A597^1 Douglas 

1A66215 ; 1 


-400 to 
-400 to 
- 60 to 
-400 to 
-400 to 
0 to 
-400 to 
0 to 
-400 to 
-100 to 


+500 
^900 
+320 
+100 
-200 
2000 
+200 
+1800 
+1 00 
+2000 


-100 to +500 
-100 to +3200 
-200 to +700 
-300 to +200 . 

-200 to +3200 
-300 to +500 
I -400 to +100 

I 0 to ^4000 

PRESSURE _ 

I 0 to 400 ^ . FSIA 

j 1500 to 4500 

*F - Flight Proven 
M - Modification Required 
D - Develox)meut Required 


60 B 6 T 24 d 

60 b 6T536 

6 ob 6 t 609 

6OBTOT68 

6 obtii 4 i 

60BT206 t 

6OB72099 


[Strain 1B31358 Dougla 


CHARACTERISTICS 



REQD* SUPPORT 
equipment 


4 

2 

2 

2 

1 

2 

1 

1 

2 

1 

1 

1 

5 
3 
3 
1 
2 
2 


1.2 5 4 1,000 

14.7 5 4 1,000 

4.7 6 5 1.500 

1.2 5 4 1,000 

4.7 5 ^ 1.000 

4.7 5 4 1,000 

4.7 6 5 1.500 

4.7 5 4 1,000 

4.7 5 4 1,000 

4.7 5 4 1,000 

1.2 6 5 1.500 

4.7 6 5 1,500 

4.7 6 5 1.500 

4.7 6 5 1.500 

4.T 6 5 1.500 

4.7 6 5 1.500 

4. 7 5 4 1,000 

4.7 5 .4 1,000 


DC Ampl IA82395 

Bridge 1A8227^ 



Bridge V7750463 


DC Ampl 6OB73113 

Zone Box 6OB67608 


o 

M 


4.7' 


1,00c 


HH 
(— i 


•tj 

c+ 

■I.' 


2 


10 


3 


l£ 6 s; 66 V" 0 S^n 







VL-a 


INSTRUMENTATION 


EQUIPMENT ITEM 



PBESSURE (Continued) 
0 to +400 PSIA 


0 to 
0 to 
0 to 
0 to 
0 to 
0 to 
0 to 
0 to 
0 to 
0 to 
0 to 
0 to 


+3500 
+50 
•^000 
+2500 
+3000 
+500 
+3500 
+45 
+2000 
+ 10 . 
+15 
-HD. 5 


0 to +700 i 

0 to +2 PSIG 

-6000 to +6000 PSID 

i 

-25 to +25 I 
FORCE 

0 to -S' 5 OK LES 


Strain 

Ga^e 


Pizo- 

electric 

Strain 

Gage ' 

Pizo- 

electric 

Strain 

Gage 


1B402A2 


M52TA12 

60BT2075 

60B7208C 

60B72091 

60B72178 

60B72199 

60B72200 

>063252-10 
>063252 -15 

PS2 -12162 


Strain 

Gate 



CHARACTERISTICS 

W ^ 1 




UJ /rC 

>- 

N 

Z 

(.o 0 

0 


< lD 

u 


UJ 

Uw 

< 

1 ™- 


'To 

3: 


P 2 
^ if] 

Z) ^ 

u ^ 

u 

< 

0 

LiJ 

z 

_J 

0 

> 


Boeing 

2 

Bytrex 

5 

Douglas 

1 

Boeing 

1 

W, C. 

Rose arch 

2 


REQDo SUPPORT 
EQUIPMENT 


51^000 

1,000 

500 

1,000 

1 , 000 DC Ampl 
1,000 
1,000 
1,000 
1,000 
1,000 
1,000 
1,000 
700 


500 CD5 “626 

1,000 

1,000 DC Arapl 
500 ADDS 2 


Vol II, Pt 















I'NSI'RUMi^NTATION 


CHARACTERISTICS 


! 

EQUIPMENT ITEM 

on 

Z) 

. 

< 

H- 

> 

UJ 

Q 

TYPE 

ITEM TAG 
DESIGNATOR 

UJ 

on 

U 

< 

LL. 

Z 

1 

CL 
u — 

> UJ 

ACCURACY 

(%) 

WEIGHT (OZ) 

1 

VOLUME (IN^ 

COST 

REQD. SUPPORT 
EQUIPMENT 

1 

VIBRATION 



■ 

■ 












-70 to 70 

c 

• 


■ 

Magnet id 

IA687OT 

Douglas 

2 

8 

8 

4 

^1,000 

Instl- 

1B58286 




■ 

■ 

Pick up 











-5 to 7 



■ 

1 

1 1 

6OBT2192 

Boeing 

k 

5 

8 

4 

1,000 



K/XTES 
















I -25 to 25 

Deg/S 

F 


50Z12A00 

SIU 

2 

>*■75 

15 

8 

1,500 

DC Ampl 

50Z 12400 

I 0 to 7 K 

RPM 



Tail. Pulse 

6OB73156 

Boeing 

2 

h.l 

10 

10 

1.500 

— 


I 





Cot." er ter 











j 0 to 30 K 





Tach. 

5-0163 

N 

A 

1 


15 

10 

1.500 

s/c 

VT -750453 

I 0 to 5 K 



!V 

I 

Magnetic 

. UlO 

^Jesuburg 

2 

0.1 

8 

9 

1,000 

S/C BAC 

474 

0 to lOK 

PPF 3 

M 

Pick up 

^ulse Hate 

Honey- 

k 

1 . 

3 

1.5 

800 

u_ 








to D.C. 

veil 














onv - , 





. . 





dm;ksion 
















- 7.5 to 7.5 

Deg. 


Z 

Pot 

LA662U8 

Douglas 

1 

4.7 

10 

10 

1,500 

— 


0 to ilO 



M 

RVDT 

U1590 

GELAC 

1 

3. 

10 

10 

1,000 

s/c 

41590-2 

0 to 360 



M 

Resolver 

L 1184 

LAS 

2 

.1 

16 

8 

1.500 

s/c 

. 41590-2 






Syncro 











‘ 0 to 100 

i 


5 


Position 

NA527285 

N 

A 

1 

4.7 

10 

8 

1,000 

— 







Pot 











0 to 100 





Angular 

NA 52 T 306 



2 

4.7 

10 

• 8 

1,000 

— 


0 to 100 





1 

NA 52 T 30 T 



2 

4.7 

10 

8 

1,000 

. 


0 to 100 






SX2633 

•1 


1 

4.7 

10 

8 

1,000 



0 to 100 





1 

IA78153 

Douglas 

5 

4.7 

10 

8 

1,000 



0 to 100 





Position 

POOI612OOI 

N 

A 

1 

4.7 

10 

8 

1,000 


1 

i 





Pot 













L1V1SC-A995931 
Vol II, Pt 4 















IN3TRUKF.NTATI0K 


CHARACTERISTICS 





f-i 


*X) 

c+ 

4 ^- 


L^6566V“09'n 















/.L~a 


IKS'XKuKEWTiVriOH 


equipment item 



TOC ANALOG (Continued) 
0 to ±50 VDC 


0 to 5 
VAC 

120K14S 


0 to 4 


! • CURRENT 
I 0- to 200 

I 0 to 20 
0 to 500 
0 to 100 

S 0 to 3 

j 0 to 5 

! 

i FREQLIJKCr 
I 3SO to h2Q 

POVSR • 

I 0 to 4 


WATT 


CDC 10 Naval 


CKT K104-01, Eon 

Instru 

)ifferen- - Honey- 
:iator veil 


kag 

picker 

bet. 

:kt 

Network 

3HT 


M CKT 


LA59T41 Douglas 

IA68316 

ME4310019 N A 
50Z12400 Boeing 
CSl Electra 
matic 


5CZI2399 IBM 


AV-LD 


■ - ■ ■ ■■ 

CHARACTERISTIC 

:s j 

<n: 

U'- 

I — “ 

ACCURACY 

(%) 

WEIGHT (OZ) 

cT’ 

z 

LU 

D 

0 

> 

5 

2 

1. 

3 

3 ^ 

2 

0.1 

16 

80 

4 

0.1 

1 

1 

3 9 

1. 

5 

3 

5 

1. 

■5 

• 3 

5 

1. 

5 

3 

5 

1. 

5 


1 

1. 

6 

3 

1 

0.1 

5 

.3 

4 

1.0 

1 

.2 


1,00C 

1;00C 

1 , 00 ( 

l^OOC 


1 , 00 ( 

80( 


REQD. SUPPORT 
EQUIPMENT 


1,000 Control Unit 1A68710-5 


LMSC-A995931 





IKSTRUMENTi^JION 



ACCURACY 


REQO, SUPPORT 
EQUIPMENT 


4.7 ! 10 6 $i,50c| s/c 

I Calib 

1. 4 4 1,500 AIDS 2 

1. 12 i 4 1,500 AIDS a 






